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This thesis covers two common applications of organometallic catalysis: 
polymerization and small molecule synthesis. The first part of my thesis, Chapters 2 and 3, 
discusses secondary coordination effects on Ni-catalyzed ethylene polymerizations via the 
development of two new families of heterobimetallic Ni complexes. The second major 
section, Chapter 4 and 5, is focused on selective pyrrole synthesis through the modification 
of our recently discovered Ti-catalyzed pyrrole synthesis from alkynes and azobenzenes. 
Two different strategies, stereoelectronic control and dative directing group effects, have 
been found to play a significant role in the chemo- and regiocontrol of this catalysis. Lastly, 
a new project on the combination of Pd-catalyzed polyketone formation and 
hydroesterification has been carried out as a novel route of making polyketoesters. Some 
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Figure 5.29. 1H NMR spectrum of 5.4t in C6D6. Taken from JC09024C2. 
Figure 5.30. 1H NMR spectrum of 5.3w in C6D6. Taken from JC09024A1. 
Figure 5.31. 1H NMR spectrum of 5.3ab in C6D6. Taken from JC09024E1. 
Figure 5.32. 1H NMR spectrum of 5.3pv in C6D6. Taken from JC09027A1. 
Figure 5.33. 1H NMR spectrum of 5.8y in C6D6. Taken from JC09047E2. 
Figure 5.34. 1H NMR spectrum of 5.9z in C6D6. Taken from JC09025C1. 
Figure 5.35. 1H NMR spectrum of 5.9v in C6D6 at 55 ℃. Taken from 
JC09025A2.  
Figure 5.36. 1H NMR spectrum of 5.10z in CDCl3. Taken from JC09042B2. 
Figure 6.1.  Ligand-dependent selectivity between hydroesterification and 
ethylene/CO copolymerization catalyzed by Pd.   
Figure 6.2. Two key pathways in chain propagation: (a) CO insertion and (b) 
ethylene insertion.  
Figure 6.3. General mechanism of ethylene hydroesterification. 
Figure 6.4. Ligand-dependent selectivity of two types of polymerization. 
Figure 6.5. Results for the model reaction: (a) an example of No-D 1H NNR after 
16 hours for ligand 6.2 and (b) the result summary of easily accessed ligands. 
Figure 6.6. Production distribution from the model reactions with ligand 6.2 under 
varied conditions.    
Figure 6.7. The summary of model reactions for other diphosphine ligands. 
Figure 6.8. The secondary coordination effect from the methoxy group on the 
ligand 6.10. 
Figure 6.9. Terpolymerization of 1-hexene, CO, and 10-undecen-1-ol using 
ligands 6.2 or 6.3. 
Figure 6.10. 1H NMR spectrum of bis(2-methylphenyl)phosphine oxide in CDCl3. 
Taken from JC-2019-0005B1. 
Figure 6.11. 13C NMR spectrum of bis(2-methylphenyl)phosphine oxide in 
CDCl3. Taken from JC-2019-0005B1. 
Figure 6.12. 31P NMR spectrum of bis(2-methylphenyl)phosphine oxide in 
CDCl3. Taken from JC-2019-0005B1. 
Figure 6.13. 1H NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in 



































Figure 6.14. 13C NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in 
CDCl3. Taken from JC-2019-0007A1. 
Figure 6.15. 31P NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in 
CDCl3. Taken from JC-2019-0007A1. 
Figure 6.16. No-D 1H NMR spectrum of the model reaction with ligand 6.1. Taken 
from JC10036A6. 
Figure 6.17. No-D 1H NMR spectrum of the model reaction with ligand 6.2. Taken 
from JC10037A2. 
Figure 6.18. No-D 1H NMR spectrum of the model reaction with ligand 6.3. Taken 
from YL-2018-0026. 
Figure 6.19. No-D 1H NMR spectrum of the model reaction with ligand 6.4. Taken 
from JC10036A4. 
Figure 6.20. No-D 1H NMR spectrum of the model reaction with ligand 6.5. Taken 
from JC10043A4. 
Figure 6.21. No-D 1H NMR spectrum of the model reaction with ligand 6.6. Taken 
from JC10043A3. 
Figure 6.22. No-D 1H NMR spectrum of the model reaction with ligand 6.7. Taken 
from JC10047A2. 
Figure 6.23. No-D 1H NMR spectrum of the model reaction with ligand 6.8. Taken 
from SYL-2019-0002A7. 
Figure 6.24. No-D 1H NMR spectrum of the model reaction with ligand 6.9. Taken 
from SYL-2019-0002A6. 
Figure 6.25. No-D 1H NMR spectrum of the model reaction with ligand 6.10. 
Taken from SYL-2019-0002A3. 
Figure 6.26. No-D 1H NMR spectrum of the initial rate experiment with ligand 
6.2 at 50 °C under 100 psig of CO pressure. Taken from SYL-2019-0009. 
Figure 6.27. No-D 1H NMR spectrum of the initial rate experiment with ligand 
6.2 at 75 °C under 200 psig of CO pressure. Taken from JC10042B4. 
Figure 6.28. No-D 1H NMR spectrum of the initial rate experiment with ligand 
6.3 at 50 °C under 100 psig of CO pressure. Taken from JC-2019-0009A5. 
Figure 6.29. No-D 1H NMR spectrum of the initial rate experiment with ligand 
6.3 at 75 °C under 200 psig of CO pressure. Taken from JC-2019-0012A6. 
Figure 6.30. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 





































Figure 6.31. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 
°C under 100 psig of CO pressure. Taken from YL-01-95. 
Figure 6.32. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 
°C under 200 psig of CO pressure. Taken from YL-01-100. 
Figure 6.33. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 
°C under 300 psig of CO pressure. Taken from YL-01-96. 
Figure 6.34. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 
°C under 50 psig of CO pressure. Taken from YL-01-101. 
Figure 6.35. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 
°C under 100 psig of CO pressure. Taken from YL-01-102. 
Figure 6.36. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 
°C under 200 psig of CO pressure. Taken from YL-01-103. 
Figure 6.37. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 
°C under 300 psig of CO pressure. Taken from YL-01-104. 
Figure 6.38. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 
°C under 50 psig of CO pressure. Taken from YL-01-97. 
Figure 6.39. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 
°C under 100 psig of CO pressure. Taken from YL-01-98. 
Figure 6.40. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 
°C under 200 psig of CO pressure. Taken from YL-01-105. 
Figure 6.41. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 
°C under 300 psig of CO pressure. Taken from YL-01-99. 
Figure 6.42. No-D 1H NMR spectrum of terpolymerization of 1-hexene, 10-
undecen-1-ol, and CO with ligand 6.2 at 50 °C under 100 psig of CO pressure. 
Taken from YL-2019-0030. 
Figure 6.43. No-D 1H NMR spectrum of terpolymerization of 1-hexene, 10-
undecen-1-ol, and CO with ligand 6.3 at 50 °C under 100 psig of CO pressure. 
Taken from YL-2019-0031. 
Figure 6.44. No-D 1H NMR spectrum of terpolymerization of 1-hexene, 10-
undecen-1-ol, and CO with ligand 6.3 at 50 °C under 100 psig of CO pressure. 
Taken from YL-2019-0031. 
Figure A.1. Copolymerization of p-VBA and CO: (a) general reaction scheme, (b) 
1H-13C HMBC NMR taken from JC10029A2, and (c) ATR-IR spectra. 
Figure A.2. Terpolymerization of styrene, p-VBA and CO; (a) general reaction 
scheme and (b) crude No-D 1H NMR spectrum taken from JC-2018-0004A2. 







































Figure A.4. Two-stage copolymerization of vinyl arene and CO; (a) general 
reaction scheme, (b) 1H-13C HMBC NMR spectrum after the 2nd stage taken from 
JC-2019-0004A5b and (c) SEC chromatograph of samples before and after the 2nd 
stage. 
Figure A.5. 1H NMR in CDCl3 of the polymer from copolymerization of p-VBA 
and CO under tandem catalysis. Taken from JC10029A2. 
Figure A.6. 1H NMR in CDCl3 of the polymer from terpolymerization of p-VBA, 
styrene, and CO under tandem catalysis. Taken from JC-2018-0004A2b. 
Figure A.7. 1H-13C HMBC NMR in CDCl3 of polyester from terpolymerization of 
p-VBA, styrene, and CO under tandem catalysis. Taken from JC-2018-0004A2c. 
Figure A.8. 1H NMR in CDCl3 of terpolymerization of p-VBA, styrene, and CO 


























The idea of “catalyst” was first introduced by Berzelius in 1836 and defined in 
Ostwald’s Nobel lecture in 1909: “...the active but unconsumed substance being termed the 
catalytic substance or catalyst.” Nowadays, this simple idea has become one of the most 
important chemistry fields in our daily life. Besides the essential substances to living 
organisms produced by enzymes in Nature, there have been a variety of necessary daily 
products generated continuously and enormously by catalysis reactions, especially and of 
relevance to this thesis organometallic catalysis, such as cracking and polymerization 
chemistry in the petroleum industry and cross-coupling reactions in the pharmaceutical.   
My dissertation covers two major sections: the first part is focused on ethylene 
polymerization catalyzed by newly designed heterobimetallic precatalysts with Ni and 
main group metals (Chapters 2 and 3); the second part is dedicated to selective asymmetric 
pyrrole formation from electronically and coordinating directing alkynes and diazenes 
catalyzed by titanium (Chapters 4 and 5). 
The overall global demand in 2018 for polyethylene (PE) resins has been predicted to 
reach 100 million metric tons. By employing specialized metal catalysts, diverse types of 
PE with different microstructures and physical properties can be synthesized. Late 
transition metal (LM) catalysts are promising because of their ability to incorporate 
functional co-monomers or generate highly branched PE compared to early transition metal 
catalysts. To date, however, LM catalysts have primarily been used in academic settings 
due to relatively low catalyst activity. To increase the activity, promote co-monomer 
incorporation, and fine-tune the PE microstructure, one promising strategy for catalyst 
design incorporates a secondary metal on well-developed LM catalysts (e.g. Ni-based 
catalysts). Thus, my research has focused on designing new metal polymerization catalysts 
that have pendant functional groups for recruiting secondary metal additives in close 
proximity to the primary coordination sphere of Ni. This permits tuning of the electronic 
environment of the catalyst and ultimately dictates the PE microstructure. 
Therefore, I have synthesized two novel Ni heterobimetallic catalyst families and 
elucidated the effect of the catalyst structure on ethylene polymerizations. On a β-oxo-δ-
diimine ligand which has two bidentate coordinating sites, a series of mono Ni complexes 
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with tautomeric second arms and heterobimetallic Ni complexes having alkali enamide 
arms is synthesized. In ethylene polymerizations, the imine-iminate Ni complex and 
heterobimetallic Ni/alkali complexes generate much higher molecular weight and less 
branching polyethylene than the enamine-iminate Ni complex does, indicating the pendant 
arms of the heterobimetallic complexes are possibly rotating during the polymerizations 
which are similar to the imine-iminate Ni complex. This free rotation of the second arm 
would lead to the increased distance between alkali metals and Ni, and cause negalibile 
bimetallic effect on ethylene polymerization (Chapter 2).  
In order to overcome the rotation of the pendent arm, another double-pocket 
diiminate phenol ligand, which has a locked benzene backbone, has been selected as the 
platform for the heterobimetallic precatalysts. A family of the mono Ni complexes ligated 
in an LX or L2 fashion and a demonstrated heterobimetallic Ni/Zn complex has been 
synthesized. Both the experimental polymerization data and DFT calculations have shown 
that Zn on the second arm would tightly bind to the central oxygen in close proximity of 
Ni. The molecular weight of the polyethylene generated by the Ni/Zn precatalyst is much 
lower and the activity of the Ni/Zn complex is much higher than mono Ni complexes. The 
desired bimetallic effect has been observed in this case. Moreover, this system is modular; 
not only the premade heterobimetallic complexes but also the in-situ mixture of mono Ni 
complexes with Zn halides can lead to the same catalytic performance. (Chapter 3). 
In organic synthesis and material science, the interest in pyrrole-containing 
compounds has been addressed in a variety of fields, including pharmaceuticals, natural 
products, dyes, and materials. Even though there are a variety of well-developed methods 
for pyrrole synthesis, the synthesis of polysubstituted pyrroles is still challenging and most 
methods have inherent limitations. For example, the Paal Knorr condensation of primary 
amines and 1,4-diketones and related cyclization reactions require extensive 
preconstruction of the carbon backbone and often have limited substitution patterns. On 
the other hand, most developed multicomponent reactions that can circumvent complex 
precursor synthesis typically require very specific functional groups or substitution patterns. 
To avoid this, our group demonstrated an atom-economical method to synthesize 
penta-substituted pyrroles from 2 equivalents of easily accessed alkynes and a half 
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equivalent of a diazene via a Ti-catalyzed formal [2+2+1] reaction. However, this method 
generally suffers from the poor regioselectivity within 3 possible regioisomers when the 
disubstituted alkyne is asymmetric. In order to turn this chemistry into a practical 
methodology in organic synthesis, I have explored various chemical handles to achieve 
high regioselectivity of this reaction and developed two systems to selectively construct 
the pyrrole cores.  
First, the electron-rich trimethylsilyl (TMS)-protected alkynes have been taken as 
a highly selective cross-coupling partner in this reaction with commercially available 
internal alkynes to yield 2-TMS pyrroles. Based on this method, 37 pyrroles have been 
isolated and characterized with 75% average yield and 90% overall selectivity. There were 
clues in the literature already suggesting that the regioselectivity is mainly driven by the 
alkyne polarization and the α-Si effect on group 4 metallocenes, and the mechanistic study 
demonstrates the chemoselectivity comes from the electron richness of TMS-protected 
alkynes. Besides the advantageous α-Si effect, the silyl groups can be facilely removed 
after pyrrole formation which allows the post-functionalization via hydrolysis to H-
pyrroles or electrophilic aromatic halogenation to Br-pyrroles. A short formal synthesis of 
a marine natural product, lamellarin R, has been achieved as well (Chapter 4). 
In the course of my research, we have noticed that titanium actually can tolerate a 
variety of heteroatom functionalities which are able to provide transient dative interaction 
with the titanium center and reverse the product regioselectivity observed in Chapter 4 to 
yield 3-TMS pyrroles. In contrast to the electronically directed system derived from the α-
Si effect, these functionalities serve as dative directing groups and perturb the second 
alkyne incorporation step by pre-coordinating to the titanium center. The degree of 
reversed regioselectivity thus correlates with the heteroatom coordinating strength which 
strongly depends on 1) the distance between the C-C triple bond and the heteroatom, 2) the 
steric environment around the heteroatom, and 3) the Lewis basicity of the heteroatom. A 
wide scope of heteroatom functional groups has been investigated and up to 7 different 
functional groups have demonstrated their effectiveness. A total synthesis of a bioactive 
molecule has also been completed via this method. Aside from the heterocoupling reactions, 
the directing group effects have also been applied to the [2+2] addition of the Ti imido and 
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alkynes which leads to selective formations of homocoupled pyrroles and an imine 
(Chapter 5). Both chapters demonstrate that our developed chemistry can provide an easy 
route to selectively synthesize multisubstituted asymmetric pyrroles without complex 
substrate synthesis, which will be of great interest to the organic synthetic community. 
Lastly, I had a chance to work on an industrially-funded project at its early stage to 
make oxygenated polyolefins.  Due to the continued interest of oxygenated polyolefins in 
the industry, the Tonks group has initiated a study on polyketoester formation from a 
combination of well-developed ethylene/CO copolymerization (ECO) and 
hydroesterification both catalyzed by Pd. Polyketone generated from Pd-catalyzed ECO 
has been studied for decades and widely utilized in the industry because of its low 
permeability and high chemical resistance. However, the perfect alternating insertion 
pattern of ethylene and CO in this chemistry has become a hurdle in terms of processability 
because of the insolubility in common solvents and the high melting point (> 260 °C). The 
common strategy applied in the industry is to incorporate another α-olefin monomer, such 
as propylene, and this installed branch characteristic can successfully result in lower 
process temperature. On the other hand, various ligands have also been synthesized and 
studied in order to perturb the perfectness of this chemistry. Aside from these strategies, 
we propose to focus on the termination step, alcoholysis, where the alcohol attacks the Pd-
acyl species to generate a Pd-H and an ester-capped polymeryl chain. The goal is to utilize 
an olefinic alcohol which not only terminates the ECO reaction but also participate the 
chain propagation via its olefinic end (Chapter 6).  
 
1.2. Introduction to Group 10 Metal-Catalyzed Olefin Polymerization 
My research has been focused on ethylene polymerization catalyzed by group 10 
metals because of their tolerance of polar functionalities and capability of branch formation. 
So far early TM catalysts, such as Zr and Hf, are still dominant in industrial olefin 
polymerization due to their ultrahigh activity and thermostability, but their application is 
often limited by two factors: the lack of heteroatom tolerance from their oxophilicity and 
the little branch formation derived from unfavorable β-H elimination due to the 
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unaffordable olefin back-bonding.1-2 Therefore, there are some other specialized catalysts 
designed to compensate for these limitations in polymer microstructure variations.  
 
1.2.1. Advantages of Group 10 Metal Catalysts 
Although late TM catalysts do not have comparable activity to early TM catalysts, 
they are able to tolerate a certain range of polar functionalities and also can undergo rapid 
β-H elimination followed by olefin reinsertion to generate branched polyethylene. In 
coordination insertion polymerization, the metal center must have one coordination 
vacancy for olefin monomers so that the chain propagation can then begin with olefin 
insertion (Figure 1.1, top, from 1.1 to 1.2). Because early TM catalysts are oxophilic, polar 
functional groups bind to the metal center more favorably than olefins do, and thus the 
chain propagation is inhibited.1 This prohibits the copolymerization with polar 
functionalized olefins with the use of early TM catalysts and limits their broad application. 
In the case of the group 10 metal catalysts, it is possible for olefins to compete against polar 
functional groups, so there is an equilibrium between polar functional groups and olefins 
bund structures (Figure 1.1, left, between 1.1 and 1.3), and the latter one can carry on the 
chain propagation. There has been a tremendous amount of studies on group 10 metal 




Figure 1.1. General mechanism of coordination insertion olefin polymerizations catalyzed 
by late TM catalysts. 
 
Highly branched polymers can be produced by group 10 metal complexes, Ni and 
Pd, and are even more branched than LDPE synthesized via radical pathways, especially 
for Pd.4-5 Compared with early TM catalysts, late TM catalysts can undergo β-H 
elimination easily because their olefin-coordinated metal hydride products can be 
stabilized by the back-bonding interaction with anti-bonding π* orbitals of olefins. The 
produced hydrides have low kinetic barriers to migrate to olefins, due to the s-character of 
the M-L orbital that does not have orientation requirements. A continuous series of β-H 
elimination and olefin re-insertion lead to the chain walking (Figure 1.1, bottom, from 1.1 
to 1.5). DFT calculations also support that chain walking reactions have a low barrier for 
both Ni and Pd due to agostic α-H interactions.6 They also support that Pd usually gets 
more branched polymers than Ni does. In general, branched polymeric microstructure has 
very different physical properties from the linear one, such as polymer strength, toughness, 
and glass transition temperature.7 Because the β-H elimination and transfer are both parts 
of the chain termination steps which are relevant to the molecular weight of polyolefins 
(Figure 1.1, middle right, from 1.1 to 1.6 and 1.8), it is common to obtain low molecular 
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PE with high numbers of branches. However, there is no such observation in early TM 
catalyzed polymerizations which are only terminated by chain transferring or quenching 
with proton sources at the end of reactions. 
Even with these two merits, group 10 metal catalysts have not been broadly used in 
olefin polymerization due to relatively low catalyst activity. Several studies on group 10 
metal catalysts have primarily been done to promote the activity along with the polymer 
microstructure which is determined by molecular weight and numbers of branches of 
polyolefins and copolymerization with a variety of co-monomers. The strategy to improve 
homogeneous organometallic catalysts is to modify the ligands and affect the 
primary/secondary coordination sphere around the metal centers.    
 
1.2.2. Ligand Development  
There are two major types of ligands with Group 10 metals widely studied with two 
major types of ligands: (1) L2-coordination and (2) LX-coordination, where L-type 
coordination is a dative bond where electrons are from ligands to metals and X-type is a 
covalent interaction where both metals and ligands provide one radical fragment.8 For 
examples, Brookhart’s catalyst9 represents L2 coordinating systems that require activators, 
such as MAO, to abstract the halides, provide alkyl groups and lead to the formation of the 
cationic species (Figure 1.2, 1.9). Due to the electron-deficient active states that can bind 
electron rich olefins readily, Brookhart’s cationic diimine catalysts have high olefin 
consumption and give molecular weight of polymers (turnover frequency (TOF) and 
molecular weight of PE (Mn) up to 1 x 10
7 g PE/molNi∙h and 6 x 10
4 g/mol respectively).9 
However, the electron deficiency can also lead to poor tolerance of polar functionalities 
similar to oxophilic early TM catalysts. Therefore, the neutral catalysts on anionic LX 
ligands which have comparable activity and ability to generate high molecular weight PE 




Figure 1.2. Group 10 metal catalysts for oligomerization or polymerization: Brookhart’s 
catalyst, SHOP catalyst, and Grubbs’ catalyst. 
 
SHOP-type11-12 and Grubbs’10 catalysts are the representatives of LX-ligated 
complexes, where metal-nitrogen (phosphine) is L-type coordination, and the metal-
oxygen bond is X bonding (Figure 1.2, 1.10 and 1.11). The lack of steric hindrance of 
SHOP-type catalysts cannot prevent the olefin exchange in termination steps, so that 
termination is more likely to occur than chain growth and results in ethylene 
oligomerization. Schulz-Flory distributions of α-olefins produced from SHOP-type 
catalysts are approximately 40% in C4-C10, 40% in C12-C18, and 20% in C20+.
11-12 In terms 
of Grubbs’ catalysts, the bulky imine group and the substituent alkyl group of the phenol 
could prevent the olefin exchange with olefin monomers; thus, high molecular weight 
polymers can be produced along with comparable activity (TOF and Mn up to 2 x 10
6 g 
PE/molNi∙h and 2.5 x 10
5 g/mol).10 In the case of polar functional group tolerance, SHOP-
type catalysts could copolymerize ethylene and olefin with polar substituents, such as esters, 
ketones, and –C(CF3)3.
13 Grubbs’ catalyst systems were also investigated in the reactivity 
of copolymerization of ethylene and polar functionalized norbornene with comparable 
activity and high Mn PE.
10 The copolymerization of hydroxyl norbornene and ethylene 
could have 22 wt% incorporation of hydroxyl norbornene. Moreover, 1500 equivalents of 
polar additive were introduced to the olefin polymerization to test the tolerance of catalysts. 
Based on the coordinating strength, the turn-over frequency decreased in the order: 
dimethoxyethane > diethyl ether > acetone > ethyl acetate > water > ethanol > triethylamine. 
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This report on Grubbs’ neutral Ni catalysts has renewed the interest in group 10 
polymerization catalysts and myriads of derivatized salicylaldimine ligands have been 
studied afterward. Based on the high catalytic activity and high Mn polyethylene generated, 
neutral Ni catalysts in ethylene polymerization are mainly focused in this thesis to discuss 
the bimetallic effects.  
The functionalization on Grubbs’ salicylaldimine ligand has essentially been 
focused on the meta- (R1) and ortho- (R2) positions to the phenoxide and the aromatic 
moieties on the imine N. On the phenoxide fragment, studies of various substituents have 
been carried out throughout several research groups (Selected examples in Table 1.1). 
Because of the distance, R1 substituents on the meta position can only contribute to the 
electronic properties of the Ni center. Overall, the electron-withdrawing group can boost 
the catalyst activity by 20 times and the polyethylene molecular weight by 50 times, 
because the strongly polarized Ni-C bond and the weakened back-bonding to olefins from 
the electron-deficient nature could accelerate the olefin insertion and disfavor the β-H 
elimination (complex 1.12a-1.12c).14 In contrast, R2 substituents on ortho positions can 
influence both on the electronic and steric properties, but it is also challenging to only 
discuss either of these two since the ortho substituents are in close proximity to Ni. In 
general, the similar trend of the electronic effect can be observed in the catalytic activity 
and molecular weight distribution which are increased with the decreased electron density 
of the Ni center (complex 1.12c-1.12i).14-15 In the case of the steric property, the R2 
substituent on the ortho position plays a key role in neutral Ni catalysts to prevent the 
catalyst decomposition via a bimolecular pathway which forms inactive bis-ligated Ni 
complexes and accelerates the catalyst activation through L ligand dissociation.3 Thus, the 
increased steric bulkiness would enhance the catalyst productivity up to 13 fold higher 




Table 1.1. Selected examples of neutral Ni olefin polymerization catalysts with 
functionalized phenoxide ligand. 
 
complex R1 R2 ref 
1.12a OMe H 14 
1.12b NO2 H 
14 
1.12c H H 14 
1.12d H tBu 14 
1.12e H Ph 14 
1.12f H Anth 14 
1.12g H o-OMe-C6H4 
15 
1.12h H o-NO2-C6H4 
15 
1.12i H C6F5 
15 
1.12j Me cyclohexyl 16 
 
Another well studied anionic ligand, β-ketiminato, provides more flexibility in 
ligand functionalization compared to Grubbs’ salicylaldimine ligands; there are up to three 
sites on the carbon backbone where electronically perturbing groups can be installed (Table 
1.2). These precatalysts perform ethylene polymerization well with the activity up to 1.4 x 
107 g PE/molNi∙h and generate PE with Mn up to 2.5 x 10
5 g/mol, which are very close to 
the salicylaldimine ligands, but under a slightly higher working pressure because of its 
more electron rich ligand environment.17-20 Differently, now the lower the electron density 
of the catalysts is, higher the Mn of PE can be obtained along with lower numbers of 
branches. For example, from complexes 1.13a to 1.13c, the molecular weight dropped from 
26.2 to 18.6 kg/mol and numbers of branches increased from 27 to 49 per 1000 carbons.17  
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With strongly electron withdrawing groups, such as -CF3, there is an about 40-fold 
decrease in for the molecular weight and 6-fold increase for the numbers of branches 
compared to the catalyst with -CH3 instead (complexes 1.13d and 1.13e).
18 On the other 
hand, highly electron deficient system still has highly active catalytic performance; 
complex 1.13h with R2 as an electron-withdrawing ketone can reach up to 1.4 x 107 g 
PE/molNi∙h.
19 Besides the electronic perturbation from the substituents, the structures of 
the catalyst can play a role in the conjugation of the ligand backbones; complex 1.13i is 
found to be more conjugated in its backbone based on the bond length and angles than 
complex 1.13j and generates PE with 5 times lower Mn and 2 times higher numbers of 
branches compared to complex 1.13j.20 These flexibilities of β-ketimine ligands have 
drawn our attention and the author’s first project was therefore focused on this type of 
ligands.  
 
Table 1.2. Selected examples of neutral Ni olefin polymerization catalysts with 
functionalized β-ketimine ligand. 
 
complex R1 R2 R3 ref 
1.13a tBu H H 17 
1.13b Ph H H 17 
1.13c 9-nathracenyl H H 17 
1.13d Ph H CF3 
18 
1.13e Ph H CH3 
18 
1.13f CF3 H CH3 
18-19 
1.13g CF3 C(O)CF3 CH3 
19 











The aromatic moiety on the imine N which is in the primary coordination sphere of 
the Ni center can have unique effects on the polymerization performance. Recently, a 
family of Ni catalysts with significantly sterically encumbered ligands has been reported 
by Brookhart et al. to produce linear ultrahigh molecular weight polyethylene (Mn up to 
1.2 x 106 g/mol and number of branches ranging from 4 to 31 per 1000 carbon atoms) 
(complex 1.14a and 1.14b, Figure 1.3).21 The molecular weight growth is almost linear 
correlated to the function of reaction time, indicating a quasi-living behavior. This results 
from the highly crowded steric environment which could minimize the chance of 
termination and thus have a behavior very close to living polymerization like early TM 
catalysis. Unlike the steric effect, the electronic perturbation from this aryl moiety has not 
been reported to have a direct influence on the primary coordination sphere of the metal 
center. 
 
Figure 1.3. Quasi living polymerization Ni catalysts with extremely sterically encumbered 
lingads. 
 
1.2.3. Bimetallic Effects on Neutral Nickel Catalysts 
Besides the ligand-based functionalization, another research strategy is to incorpore 
a second metal onto the ligand framework which can be either inactive or active in olefin 
polymerization. When both metals are active in olefin polymerization, the close proximity 
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between them could possibly invoke the cooperative bimetallic effect via the secondary 
coordination sphere; one metal could serve as an extra coordination site for olefins or other 
polar functionalities for another metal center to proceed the chain propagation.22 Therefore, 
in order to achieve the cooperative bimetallic effect, the spatial relationship between two 
metal centers is essential. For examples, complex 1.15 exhibits lower activity and 
generated polyethylene with similar molecular weights compared to complex 1.12f, the 
mononuclear Ni complex with an anthracenyl group on C3 position (Figure 1.4).10, 23 In 
this case, although two units of the salicylaldimine Ni complex is connected in a molecule, 
the steric environment forces two Ni centers to orient oppositely, leading to little bimetallic 
effect between them. Another example, complex 1.16, with two Ni centers facing to the 
same direction due to the restricted ligand backbone shows an increase in activity of 
ethylene homopolymerization compared to the mononuclear Ni complex (Figure 1.4).24 
The bimetallic cooperative effect is even more obvious in the copolymerization of ethylene 
and polar-functionalized norbornene; it has about 2 times higher activity and incorporation 
ratio of the norbornene than the mononuclear Ni complex does.24 Agapie et al. also 
reported another dinuclear Ni catalyst, complex 1.17, on a different rigid ligand framework 
used in copolymerization of ethylene and α-amino olefins (Figure 1.4).25 Because of being 
“locked”, there are two structural isomeric dinuclear Ni complexes synthesized, syn and 
anti-conformations. There is no polymer obtained by the anti-structural Ni2 catalyst which 
is believed to be poisoned by amine comonomers. On the contrary, when both Ni centers 
are cis to each other, the copolymer is generated with the incorporation ratio of 0.5, 0.7, 
and 0.8 % of amino pentene, hexene, and heptene respectively. They proposed that the α-
amino olefin would coordinate to one of the Ni via its tertiary amine functionality and point 
its olefin fragment to another Ni to proceed olefin insertions. Thus, the distance between 
two metals reflects on the incorporation ratio of amino olefins with various numbers of 





Figure 1.4. Selected examples for symmetric dinuclear Ni salicylaldimine-based 
complexes for olefin polymerization. 
 
Besides secondary coordination sphere interactions, the close proximity of two Ni 
centers can also lead to an increase in the regional concentration of in-situ generated α-
olefins from one site which could be captured and inserted by another Ni site. Marks and 
Delferro et al. reported an asymmetric dinuclear Ni complex 1.18 that can “fuse” the 
microstructure of two mononuclear Ni complexes, 1.19 and 1.20. When polymerizing 
separately, complex 1.19 generates PE with lower Mn and higher numbers of branches (Mn 
= 3.1 x 103 g/mol and number of branches = 140 per 1000 carbon atoms) than complex 
1.20 does (Mn = 31 x 10
3 g/mol and number of branches = 7 per 1000 carbon atoms) (Figure 
1.5).26 Complex 1.18 exhibits an enchainment cooperativity between these two Ni centers 
and produces polyethylene with a narrow polydispersity, moderate molecular weight and 
number of branches (PDI = 1.7, Mn = 14 x 10
3 g/mol and number of branches = 69 per 




Figure 1.5. An asymmetric dinuclear Ni complex with its parent mononuclear Ni 
complexes. 
 
A control reaction was run by the mixture of complexes 1.19 and 1.20 and 
generated two types of polyethylene with a clear bimodal molecular weight distribution 
(PDI = 6.4), indicating there is no such intermolecularly cooperative enchainment in 
contrast to the result from bimetallic complex 1.18. It is proposed that there is an efficient 
intramolecular capture by one Ni site when a reductively eliminated α-olefin dissociates 
from the other one (Figure 1.6). This cooperative enchainment could be achieved 
intermolecularly only in the presence of some chain transferring agents which in most cases 
are main group/group 10 metal alkyl species, such as AlEt3 and ZnEt2.
27-29 There are other 
examples achieving this cooperativity enchainment without the addition of any chain 
transferring agents by tethering two different active sites together.30-32 This development 
in bimetallic catalyst design provides us a different route to approach microstructure 
adjustment. Presumably, we can adapt this idea to combine two metal sites on one complex 
that can do totally different types polymerization reactions, such as olefin coordination and 
ring-opening polymerization, to achieve the cooperative enchainment and generate a new 





Figure 1.6. Proposed efficient intramolecular olefin capture within the dinuclear Ni 
complex. 
 
Very recently, there are some studies on inactive secondary metals in 
polymerization, such as alkali/group 10 metal salts, and different bimetallic effects from 
those secondary metals have been observed. Do et al. have reported a series of Ni 
complexes ligated on salicylaldimines tethered with differently sized crown ethers (Figure 
1.7, 1.21).33-34 The ethylene polymerization has been carried out in the presence of alkali 
metal tetrakis[3,5-bis(trifluoromethyl)phenyl]borate salt (MBArF, M = Na, K). The 
catalyst activity and the branch numbers of polyethylene are both increased, and the 
molecular weight is decreased when MBArF is added in situ. The heterobimetallic 
complexes are isolated and fully characterized as well to support the coordination 
chemistry happening in the solution. The role of the alkali metal ions is still unclear, but 
this series of Ni complexes demonstrates that the polymer morphology can be facilely 
tuned by adding various alkali metal salts into the polymerization reactions. Another 
similar heterobimetallic study is recently published also by Do et al. on triazole-
carboxamidate Ni complexes with Zn(SO3CF3)2 as the second metal source (Figure 1.7, 
1.22).35 Although the NMR reaction supports the coordination of the Zn salt to the triazole 
fragment in the solution, there is no obvious effect from the secondary metal and the 
activity is even lower which they attribute to the self-assembling of inactive high nuclearity 
structures. Thus, they are targeting to install a bidentate coordination site for the secondary 
metal salts in order to prevent their proposed deactivation pathway. Lastly, my colleague 
in the Tonks group, Abigail Smith, has reported a polymerization study on bipyridinyl 
salicylaldimine Ni complex in the presence of Zn halides (Figure 1.7, 1.23).36 Besides the 
in-situ addition, the heterobimetallic complex with ZnCl2 on the bipyridinyl pocket has 
been isolated and characterized as well. A control reaction has been done with biphenyl 
instead of bipyridinyl and only generated oligomers even with ZnCl2 in presence, 
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indicating the coordination of ZnCl2 on the bipyridinyl ligand actually increases the steric 
bulkiness around the Ni active site to yield polyethylene.  
 
Figure 1.7. Reported mononuclear Ni complexes that can incorporate inactive secondary 
metal ions in situ.  
Similar to their works, the first part of my dissertation focuses on heterobimetallic 
catalysis in olefin polymerization with inactive metal sources. Along with the experimental 
results, the computational studies have been accomplished to give us a clear idea of how 
the inactive secondary metal functions in the olefin polymerization (Chapters 2 and 3).  
 
1.3. Introduction to Asymmetric Cyclization in Syntheses of Heterocylic Compounds 
Due to the importance of molecular complexity and diversity in drug discovery and 
other research subjects, the development of an efficient strategy for rapid assembling of 
complex molecular scaffolds has become a prevalent goal in organic synthesis. 
Multicomponent cyclization reactions which circumvent multistep synthesis especially for 
cyclic compounds have been widely utilized in the organic synthesis of small molecules, 
such as natural products37-39 due to their efficiency.  
 
1.3.1. Multicomponent Reactions of Alkynes in Pyrrole Synthesis 
Within all the cyclic compounds, pyrrole-cored molecules are important and 
common in numerous scientific areas, such as pharmaceuticals, natural products, and 
materials. For instance, Lipitor, an asymmetric pyrrole molecule, has become the best-
selling drug in 14.5 years and there is a pyrrole family of marine natural products, 
lamellarins, whose synthesis has been reported. So far, there are only a few developed 
routes utilizing abundant or easily accessible materials, leading to the limited generic 
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application in pyrrole synthesis. For example, Paal-Knorr condensation, which has been 
widely applied in the organic synthesis40-41, requires multistep preconstruction of carbon 
backbones, limiting the facile substituent variation.  
On the other hand, multicomponent reactions (MCRs) which can circumvent the 
extensive and time-consuming backbone preconstruction in cyclization reactions have 
become one of the most powerful methods in pyrrole synthesis because of their efficiency. 
Among all small building fragments in MCRs, alkynes have been one of the most easily 
accessible and common compounds; because of their electron-rich C-C triple bonds that 
can remain unsaturated C-C double bonds after insertion/coupling, alkynes are often used 
to assemble aromatic and conjugated scaffolds.42-45 For example, the alkyne-azide 
cycloaddition, known as the “click” reaction, to make triazoles is one of the well-developed 
cyclization reactions taking alkynes as the coupling partners. This reaction has been widely 
used in bioconjugation, due to its functional group tolerance, high regioselectivity, and 
wide-ranging reaction conditions in temperature, pH values and various solvents including 
water.46-48  
Most of the MCRs in pyrrole synthesis incorporating alkynes require either 
precious late transition metal catalysts or specified alkynes.49 This would potentially mar 
their application in organic syntheses due to the restricted reaction conditions. For example, 
Arndtsen et al. demonstrated the pentasubstituted pyrrole synthesis via the cascade reaction 
of electron-deficient alkynes, imines, acyl chlorides and carbon monoxide  (Figure 1.8a).50 
It is proposed to begin with Pd-catalyzed Münchnones formation, where imines reacted 
with acyl chlorides to yield iminium salts, 1.24, followed by the oxidative addition on Pd 
to give the 5-membered palladacycle, 1.25. The subsequent CO insertion expands the ring 
to yield a 6-membered intermediate, 1.26, which undergoes the base-assisted reductive 
elimination and gives Münchnones (1,3-oxazolium-5-oxides), 1.27.  Then, in the presence 
of electron deficient alkynes, the 1,3-dipolar cycloaddition would readily occur to release 
CO2 and pyrroles, 1.28. While there was a mixture of regioisomeric products when using 
an unsymmetrical alkyne, the regioselectivity of generated pyrrole was reasonable, 
potentially due to the electronically and sterically differentiated substituents. There is 
another similar work on Rh-catalyzed MCR of alkynes, imines, and diazoacetonitriles, 
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which also harnesses the 1,3-dipolar cycloaddition from alkynes and polar compounds 
whose formation can be catalyzed by rare TM catalysts.51 Although these methods have 
shown a broad tolerance of functional groups, the need of electron deficient alkynes could 
limit the substitution patterns, and the use of expensive catalysts and corrosive substrates 
could decrease its possibility of being applied to large-scale synthesis. 
 
Figure 1.8. Multicomponent coupling of an imine, an acyl chloride, CO and an alkyne to 
generate pyrroles catalyzed by Pd.  
 
Aside from precious metal catalysts, Odom et al. have demonstrated a couple of 
studies on pyrrole synthesis catalyzed by Ti.52-54  In terms of MCRs, they reported a four-
component coupling of a primary amine, an alkyne and 2 equivalents of an isocyanide to 
generate a pyrrole (Figure 1.9). It was proposed to begin with the formation of a Ti-imido 
species, 1.29, from the deprotonation of a primary amine by the Ti diamide precatalyst. 
The [2+2] addition of in-situ generated Ti-imido and an alkyne gives titanabutadiene 
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intermediate, 1.30, which undergoes consecutive insertion of 2 equivalents of isocyanides 
on their terminal carbons to generate the 5-membered and 6-membered intermediates, 1.31 
and 1.32. The protonation of the 6-membered intermediate, 1.32, yields an enamine 
formimine product, 1.33, that can go through the intramolecular nucleophilic attack and 
successive tautomerization to give the pyrrole product, 1.34. It generally works well with 
aliphatic/aromatic substituted terminal and internal alkynes. However, due to the 
possibility of other competitive side reaction, such as protonation of 1.30 or 1.31, this 
reaction only highly depends on the electronic and steric properties of the isocyanide; only 
tert-butyl isocyanide can result in the final pyrrole formation.  
 
Figure 1.9. Multicomponent coupling of a primary amine, an alkyne and two tert-butyl 




More recently, my colleague, Zachary Davis-Gilbert, reported a multisubstituted-
pyrrole synthesis from alkynes and diaryl diazenes via a Ti-catalyzed formal [2+2+1] MCR 
(Figure 1.10a).55 This reaction was initially discovered by my thesis adviser, Ian, during 
his graduate dissertation when doing the alkyne trimerization from a titanium imido 
precatalyst.56 Zach found that diazenes can serve as the nitrene source and the oxidant, and 
successfully turn over this catalytic cycle. The mechanistic and computational studies have 
been carried out to investigate the mechanism (Figure1.10b).57 It is proposed to start from 
the titanium imido, 1.35, which would cyclize with one equivalent of alkyne via the [2+2] 
addition to form an azatitanacyclobutene species, 1.36. Afterward, the second equivalent 
of alkyne would be inserted by the 4-membered ring intermediate to generate an 
azatitanacyclohexadiene, 1.37. This 6-membered ring would reductively eliminate a 
pyrrole, 1.38, and transient Ti(II) species, 1.39, which would be oxidized by a half 
equivalent of azobenzene to regenerate the titanium imido catalyst. Based on the literature, 
the [2+2] addition has been examined and suggested to be the key step in titanium-
catalyzed alkyne hydroamination and the yielded 4-membered intermediate would be 
protonated by primary amines to regenerate the titanium imido species.58-59 The second 
alkyne insertion of azatitanacycle has also been isolated by Mountford et al.60 Although 
the transient Ti(II) species after reductive elimination has yet been detected, the similar 
titanium diazene adduct, 1.40, was synthesized and isolated, and its thermodecomposition 





Figure 1.10. Multicomponent pyrrole synthesis via the Ti redox catalysis. 
 
This study provides an atom-economical methodology for pyrrole synthesis from 
easily accessible materials and earth-abundant catalyst; nevertheless, the poor 
regioselectivity when using asymmetric alkynes limits the practical application in organic 
synthesis. The initial attempt in heterocoupling of two different alkynes in this reaction 
was not successful either. These drawbacks have revealed the inherent difficulties in alkyne 
MCRs. Therefore, the author’s primary goal in this project is to develop a system that can 
synthesize pyrroles in a chemo- and regioselective manner via the utility of either 






1.3.2. Unsymmetrical Alkynes in Selective Coupling Reactions 
There is one major challenge while carrying out asymmetric alkynes coupling 
reactions: low regioselectivity when two different substituents across C-C triple bonds do 
not have any differentiation that is large enough for α and β carbons to be distinguished. 
This often time can be solved by using the combination of electron-withdrawing and 
donating substituents, such as the previously discussed Arndtsen’s work wherein the C-C 
triple bond can be polarized and two carbons are electronically different. On the other hand, 
the steric property can also play an important role in regiocontrol when the sizes of the two 
substituents are contrasting, which will be later discussed in this section. 
In order to systematically study the unsymmetrical alkyne coupling, we focus on 
the Pauson-Khand reaction (PKR), which is a similar [2+2+1] cycloaddition reaction of an 
alkyne, alkene and carbon monoxide to make cyclopentenones. The PKR was first 
discovered as a cobalt-mediated synthesis in the early 1970s by Pauson et al. (Figure 
1.11a).61-63 This process has then been studied and developed in the improvement of 
reaction conditions, expansion of substrate scope and mechanism.64-65 The PKRs can be 
mediated by various metal complexes/catalysts, including Co, Ti, Fe, Rh, and Ir and 
tolerate a wide range of functionalities. Recently, there have been several natural product 
syntheses adapting PKR to construct multicyclic moieties in one step.66-72 The generalized 
mechanism is presented in Figure 1.11b with a Co meditated reaction as the 
representative.73-75 It is proposed to start from with a Co2(CO)8, 1.41, which undergoes 
ligand exchange with an alkyne to give an alkyne-bridged intermediate, (2-
alkynyl)Co2(CO)6, 1.42. The successive second CO replacement by an alkene is followed 
by the alkene insertion into one of the Co-C bonds to generate the expanded intermediate, 
1.43. The CO insertion leads the formation of the intermediate, 1.45, which undergoes 
irreversible reductive elimination to give alkene-bound Co intermediate, 1.46. Finally, the 




Figure 1.11. The Pauson-Khand reaction, a [2+2+1] multicomponent cyclization of an alkyne, 
alkene and CO mediated by metals complexes.  
 
It has been evidenced that the regioselectivity of the alkene insertion can be 
controlled by the steric difference between two substituents across the alkyne and alkene 
fragment. The alkene would be inserted dominantly at the less sterically encumbered site 
to only or mainly generate the α-isomer (Figure 1.12a).76-77 In terms of the alkene insertion, 
the larger group would be oriented away from the substituent of the alkyne to reduce the 
steric conflict and the α-isomer was the only product as well (Figure 1.12b).76 Although 
the preference arising from the steric is obvious, the Pauson-Khand reaction is finicky 





Figure 1.12. Investigated steric and electronic effects on regiocontrols of PKRs.  
 
For the detailed discussion on electronic effects on regiocontrol of PKRs, Helaja et 
al. have carried out a series of studies on tuning the electronic dipole across C-C triple 
bonds of alkynes by either resonance or inductive effect.79-80 The study on resonance effect 
aims to probe the electronic cooperativity between electron donating and withdrawing 
substituents on opposite sides of diaryl alkynes, as known as the push-pull effect (Table 
1.3).79 In general, reactions of diaryl alkynes mono para- substituted with an electron 
donating group leads to the major formation of the α-isomers (1.48a-c). On the other hand, 
the arene functionalized with an electron-withdrawing group results in the major formation 
of the β isomer (1.48d). This could be attributed to the partially negative charge build-up 
on the carbon adjacent to electron withdrawing aryl substituents and this partially negative 
carbon is more favored to insert norbornene than another carbon. Although the 
regioselectivity of mono para-substituted diaryl alkynes has shown decent correlation with 
the Hammett values, the push-pull effect was observed even more when the electron 
donating and withdrawing substituents were installed on the opposite sides of diaryl 
alkynes (1.48e-h). On the other hand, the computational study on natural bond orbital 
(NBO) charge density had a good agreement with the push-pull effect even in the lack of 









In their next relevant study on the inductive effect in the regioselectivity of PKR, 
Helaja et al. have selected propargyl functionalities which have a methylene spacer away 
from the C-C triple bond to avoid direct electronic effect from the heteroatoms (Table 
1.4).80  The electronegativity of heteroatom functional groups can induce the alkyne 
polarization and control the regioselectivity of the norbornene insertion. When X is oxygen 
or nitrogen, the α-C will be more negative and more favorable to insert norbornene, leading 
to the major formation of the β-isomer (1.49a-d). This is also supported by the computation 
work on NBO charge density. The alkyl or silyl groups, however, would contribute to the 
partially positive charge on the α-C and result in a reversed regioselectivity (1.49e-f). 
Among all the work on the electronically asymmetrical alkynes, the alkyne polarization 
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plays a role in regioselectivity, although the regioselectivity is not perfect at most of the 
cases. 
 





 Instead of fine-tuning the electronic properties, León and Fernández explored the 
PKR of alkynyl boronic esters and selectively synthesized the cyclopentenone with boronic 
esters beta to the ketone which could be post-functionalized by Suzuki–Miyaura coupling 
reaction to yield the similar but selective products directly from asymmetric diaryl alkynes 
(Figure 1.13a).81 Besides the electronic effect, the steric property is also decisive in the 
regioselectivity. Riera et al. successfully utilized the in situ formed trifluoromethyl alkynes 
as the coupling partners from terminal acetylenes (Figure 1.13b).82 Even though -CF3 is a 
strongly electron withdrawing group, the regioselectivity in this PKR is not as expected to 
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have -CF3 group at the β position, so it is proposed that the steric effect dominated in this 
reaction to control the regioselectivity.   
 
Figure 1.13. Other strategies in terms of regiocontrol of PKRs. 
 
1.3.3. Directing Group Effects on the Pauson-Khand Reactions. 
Directing groups in metal-catalyzed small molecule synthesis have been taken as 
useful handles in terms of promoting reactivity and more importantly controlling the 
product selectivity. Other than the actual reacting functionality, an accessory group also 
coordinates to the active metal center. This extra associative interaction can provide the 
effect of a bidentate ligand so that thermodynamically unfavorable reactions can occur, or 
a certain intermediate geometry can be determined based on the increase in entropy. One 
famous example for reactions promoted by the directing group is the initial directed C-H 
activation on arenes with nitrogen substituents carried out by Pd, where the C-H activation 
only happens in the presence of the coordinating nitrogen.83-84 On the other hand, the 
Sharpless asymmetric epoxidation is a well-known example for  determining a specific 
intermediate geometry to control the reaction stereoselectivity.85-86 Aside from engineering 
the electronic and steric effects, the directing group effect has played an important role to 
determine the product selectivity, which will be discussed in this section with PKRs as the 
example.  
Besides the thorough study on the electronic properties of alkynes (resonance and 
inductive effects), the directing group effects on the regioselectivity of PKRs have been 
investigated as well and even earlier. Krafft et al. have conducted a series of research of 
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the alkene insertion partner tethered with coordinating heteroatoms that could serve as 
directing groups to achieve regiocontrol in intermolecular PKRs.87-89 Back at that time, 
intermolecular PKRs usually have low yields about 20-40% and the use of unsymmetrical 
alkenes reacting with terminal alkynes would give a 1:1 mixture of two regioisomers 
arising from the alkene insertion (Table 1.5, 1.50a). They found this directing group 
depended on several factors: the Hard-Soft Acid-Base theory, the steric and electronic 
environment of Lewis basic groups, and the distance between Lewis basic groups and 
olefins.  
Oxygen, nitrogen, and sulfur were examined for their efficacy of directing group 
effects, but only the softer basic groups, nitrogen and sulfur, were able to drive the 
regioselectivity (1.50b-e). With effective directing groups, it would tolerate more sterically 
encumbered disubstituted alkenes, including 1,1 and 1,2-disubstituted ones (1.50d and 
1.50f). However, moving away from C2 linkages (1.50g-i), less bulky (1.50j-k) and more 
electron-donating (1.50l-m) substituents on heteroatoms all hurt the selectivity of the α-
isomers. Beyond the scope of substrates, a formal synthesis of Prostaglandin A2 was 
carried out by using a directed PKR to demonstrate the utility of this chemistry.90   
 






It was proposed that the homoallylic amines/thioethers could serve as bidentate 
ligands and lead to stable complexations which only allowed the nucleophilic attack on the 
terminus carbon (Figure 1.14).87-88 This proposal was later supported by the computational 
work done by Nakamura et al.91 The abovementioned factors including the linkage length, 
Lewis basicity, and steric environments all made contributions to the equilibria in forming 




Figure 1.14. Proposed key complexation intermediate with homoallylic heteroatoms. 
 
In order to enhance the directing group effect and improve the regioselectivity, 
directing groups containing two heteroatoms (Table 1.5, 1.50n-q) were also investigated.89 
The system was even more sensitive to the substrates and little improvements, such as 
higher selectivity and faster reaction rate, were obtained due to a more stable tridentate 
chelation. The substrate had to be either thioamines or bisthioethers with three methylenes 
between two heteroatoms. 
Afterward, Itami and Yoshida successfully employed the directing group effects 
on catalytic PKRs carried out by Ru, where the directing group could be easily removed 
after reactions.92-93 They utilized the Lewis basic heterocyclic groups, such as pyridinyl 
and pyrimidyl, tethered on the silyl linker; the heterocyclic group served as a directing 
group and the silyl linker could be cleaved after cyclopentenone (Figure 1.15a). The 
mechanism was studied in detail with isolation and characterization of possible 
intermediates and is presented in Figure 1.15b.93 It is proposed that the cycle began with 
the complexation between Ru3(CO)12 and the pyridinyl vinylsilane to generate bidentate-
chelated intermediate, 1.51. The subsequent ligand exchange of an alkyne gave an 
intermediate of Ru(alkyne)(pyridinyl vinylsilane), 1.52, which went through an oxidative 
cyclization to generate ruthenacyclopentene, 1.53. Complexes 1.51 and 1.53, which came 
from a stoichiometric reaction between 1.51 and an alkyne, both have been isolated and 
characterized and shown their catalytic reactivity as precatalysts in this reaction. Afterward, 
the migratory insertion of a CO ligand into the Ru-Csp2 bond lead to the formation of a 6-
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membered ruthenacycle, 1.54. Lastly, reductive elimination produced silyl cyclopentenone, 
1.56, and a low valent Ru species, 1.55, which should be trapped by a vinylsilane substrate 
and go back to the cycle. The in situ desilylation of the metal-free intermediate, 1.56 gave 
the final product, 1.57. Due to the stable bidentate chelation induced by the directing group, 
the mechanism was modified from the general proposed PKR mechanism discussed 
previously in Section 1.3.2.; this difference is believed to be the key of incorporating 
multisubstituted unstrained alkenes into intermolecular catalytic PKRs compared to other 
studies.  
 




Relevant to all these reported multicomponent cyclization reactions of alkynes, the 
second part of my dissertation take the advantage of stereoelectronic properties and 
directing group effects to achieve the regiocontrol in the formal [2+2+1] Ti-catalyzed 
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In this chapter, a series of mono- and bimetallic Ni alkyl complexes of a β-oxo-δ-
diimine (BODDI) ligand are reported. The monometallic complexes have a second binding 
pocket, of which the free “arm” can exist as either an enamine (e.g., 2.8, BODEI, a β-oxo-
δ-enamineiminato complex) or imine (e.g., 2.3, BODII, a β-oxo-δ-imineiminato complex) 
tautomer. The dentity of the tautomer in the secondary Ni coordination sphere has a 
significant effect on ethylene polymerization behavior: the enamine tautomer, which 
hydrogen bonds to the central O atom and is in conjugation with the N,O backbone chelate, 
is significantly more electron rich and yields a much lower molecular weight polymer than 
the imine tautomer, which rotates away from Ni to a distal position and has little effect on 
olymerization. Deprotonation of the second binding pocket with M(HMDS) (M = Li, Na, 
K) yields the Ni-alkali metal heterobimetallic complexes 2.11, 2.12, and 2.13. The 
deprotonated alkali metal enamides display ethylene polymerization behavior similar to 
the neutral imine complex because the enamide arm can also distally rotate to minimize 
interaction with the Ni coordination sphere upon activation.  
 
2.2. Introduction 
Late transition metal catalysts have been widely employed in ethylene 
polymerization catalysis and polar comonomer ethylene copolymerization catalysis due to 
their functional group tolerance.1, 94-95 The majority of functional comonomer 
polymerization reactions have utilized either Brookhart-type α-diimine96-98 or Drent-type 
phosphine sulfonate99-100 ligands, indicating an opportunity for continued catalysis 
advancement through the design of new ligand sets with new metal−ligand interactions.  
Akin to this, recent progress has seen several elegant examples that utilize 
secondary coordination sphere interactions101-103 to affect various aspects of ethylene 
homo- and copolymerization catalysis (Figure 2.1). For example, Jordan and Bazan have 
each demonstrated that coordination of exogenous Lewis acids to ligands on group 10 
polymerization catalysts can drastically impact polymerization activities, molecular weight 
distributions, and comonomer incorporation.104-107 Similarly, Do recently reported on the 
effects of installing alkali metal cations into the secondary coordination sphere of 
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phenoxyiminato Ni ethylene polymerization catalysts.33-34 Through prudent alkali metal 
choice, Do was able to observe up to 20-fold increases in catalytic rates as well as 
significant enhancement of polymer molecular weight and branching. Transition metal 
bimetallic effects have also been observed; for example, Agapie reported the 
copolymerization of ethylene and amino olefins catalyzed by homobimetallic dinickel 
complexes.25 Tethered heteroatoms usually inhibit olefin polymerization through the 
formation of stable chelate rings, but addition of a bulky second metal site in the secondary 
coordination sphere of Ni prevents stable chelate formation. Other bimetallic Fe, Ni, Cu, 
and early transition metal systems have shown similar cooperative effects, where addition 
of a second metal impacts the overall molecular weight, activity, and comonomer 
incorporation.108-111 Secondary coordination sphere effects have also played an important 
role in the design and development of many inorganic systems for small-molecule 
activation and enzyme active site models.112-115  
 
Figure 2.1. Recently reported olefin polymerization examples with secondary coordination 
effects. 
 
Given the significant secondary coordination sphere effects observed in late 
transition metal polymerization catalysis, we are interested in engineering bimetallic 
polymerization catalysts that contain one-atom bridges between the two metal centers to 
further enhance stereoelectronic effects. Such catalysts may also mimic the effects of 
bridging anions/activators found in many catalytic systems.116-117 Herein, we report the 
synthesis, characterization, and ethylene polymerization activity of a series of mono- and 
bimetallic Ni-alkali metal complexes ligated by a β-oxo-δ-diiminate ligand, which has 
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previously been used for the synthesis of several homobimetallic dizinc and dilutetium 
complexes, in this chapter. 
 
2.3. Result and Discussion 
2.3.1. Synthesis of Mononuclear Nickel Complexes 
Sixteen-electron d8 square planar H(BODII)Ni and H(BODEI)Ni complexes 
(H(BODII) = β-oxo-δ-imineiminato; H(BODEI) = β-oxo-δ-enamineiminato) were 
synthesized by salt metathesis or protonolysis, respectively (Figure 2.2). In the case of the 
salt metatheses, the protonated ligand H2(BODDI) (2.1) was deprotonated with 
tBuOK to 
yield the monodeprotonated H(BODII)K salt (2.2), which was then treated with the 
appropriate Ni halide precursor to yield H(BODII)Ni(o-tolyl)(py) (2.3), H(BODII)Ni(η3-
C3H5) (2.4a), and H(BODII)Ni(η
3-C7H7)(PMe3) (2.5). Further treatment of 2.5 with 
B(C6F5)3 yielded the phosphine-scavenged complex H(BODEI)Ni(η
3-C7H7) (2.6). For the 
protonolysis reactions, treatment of 2.1 with (η3-C4H7)2Ni or in situ generated 
(tmeda)NiMe2
118 yielded H(BODEI)Ni(η3-C4H7) (2.7) and H(BODEI)Ni(Me)(py) (2.8), 
respectively. Interestingly, attempts to generate 2.8 via premade (tmeda)NiMe2 were 
unsuccessful; in the in situ reaction, LiCl likely acts as an advantageous Lewis acid that 
promotes protonolysis. Addition of another Lewis acid, ZnCl2, to the reaction with premade 
(tmeda)NiMe2 allows for productive reactivity to occur. Upon prolonged standing in 
solution, 2.8 slowly decomposes into a bisligated species 2.9, which can also be 
independently synthesized via salt metathesis of two equivalents of 2.2 with Ni(OAc)2. 
Finally, a “single-armed” β-ketoiminate analogue, 2.10, can be prepared by salt metathesis 
of the deprotonated β-ketoiminate ligand with (tmeda)Ni(o-tolyl)(py). Complex 2.10 
serves as a control and is similar to a previously reported (β-ketoiminate)Ni ethylene 




Figure 2.2. Synthesis of complexes 2.3−2.10. Blue ligands indicate the complexes were 
isolated as the imine tautomer (BODII), while red ligands indicate enamine tautomers 
(BODEI). 
 
2.3.2. Tautomeric Isomers of Mononuclear Ni Complexes 
The “free” arm in complexes 2.3−2.8 could potentially exist as either an imine or 
enamine. In fact, in virtually all analyses of crude reaction mixtures, both tautomers are 
present. These tautomers are facilely distinguished by 1H NMR: the imine complexes have 
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two singlets with a 2:1 integration ratio for the backbone methylene and methine protons, 
while the enamine complexes display three singlets in a 1:1:1 ratio for the two backbone 
methine protons and the enamine proton (Figure 2.3). In all cases, a single tautomer could 
be isolated pure from the crude reaction mixture via crystallization.  
 
Figure 2.3. 1H NMR of (a) 2.4a with labeled methylene and methine protons, and (b) 
2.4b with labeled methine and enamine protons. 
 
In the case of complexes 2.3−2.5 and 2.9, which were generated by salt metathesis, 
the imine tautomer is the major product (95%) of the reaction mixture. While 2.3 and 2.5 
are mostly insensitive to solvent, complex 2.4 exhibits a strong solvent dependence on the 
tautomer ratio: synthesis in Et2O yields a >95:5 imine:enamine ratio, while synthesis in 
THF inverts the ratio, yielding 13:87 imine:enamine. This large change in tautomer ratio 
has allowed for the isolation and structural characterization of both 2.4 tautomers, 2.4a, 
and 2.4b.  
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Conversely in the case of 2.7 and 2.8, which were generated by protonolysis, the 
major tautomer in the crude reaction mixture is the enamine. Similarly, treatment of the 
imine 2.5 with B(C6F5)3 in toluene to abstract PMe3 yielded 80% as the enamine tautomer 
of 2.6. Given this result, we questioned whether a strong Lewis acid such as B(C6F5)3 could 
affect tautomerization in 2.3− 2.5 or 2.7/2.8. Among all of the tested complexes, B(C6F5)3 
only tautomerized complex 2.4a from the imine to the enamine 2.4b. Consistent with this 
observation, quantum chemical structural optimizations at the M06-L/def2-TZVP level120 
predict that the gas-phase free energies of the lowest energy enamine tautomers of 2.3, 2.4, 
and 2.8 are all 0−2.0 kcal/mol lower in energy than corresponding lowest energy imine 
tautomers. Subsequent single-point calculations at the M06-2X/def2-TZVP level121-123 
increased this energy difference to 3.4−4.3 kcal/mol, and single-point solvation free energy 
calculations using the SMD solvation model124 for diethyl ether found solvent effects to 
have negligible impact on these free-energy differences. The relatively low sensitivity to 
functional choice and solvation suggests a consistent, small preference for the enamine 
over the imine, which is likely attributable to the favorable intramolecular hydrogen 
bonding between the enamine N−H and the β-oxygen in the former tautomer. There is no 
evidence for interconversion between the two tautomers in solution over time (by 1H NMR), 
under polymerization conditions, or with excess added base (neat pyridine, 500 equivalents 
of NEt3); all complexes reported herein are kinetically stable.  
The solid-state structures of 2.3− 2.8 are presented in Figure 2.4, and selected bond 
distances are collected in Table 1.1. The Ni geometry and Ni−L bond distances are typical 
of those observed in square planar, d8 16-electron Ni complexes. However, there are 
significant differences in ligand bond lengths and angles between the imine and enamine 
tautomers, as illustrated below by 2.4a and 2.4b. The imine structure 2.4a is characterized 
by a short C6−N2 bond distance (1.270(1) Å) typical of C−N double bonds, long C4−C5 
(1.522(2) Å) and C5−C6 (1.513(2) Å) single bonds, and a rotation of the imine π-system 
67.9° out plane with respect to the Ni square plane. Conversely, in the enamine structure 
2.4b the enamine π-system is coplanar with the Ni square plane to facilitate NH−O 
hydrogen bonding, while the longer C6−N2 bond (1.365(3) Å) and shorter C4−C5 (1.447(3) 
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Å) and C5−C6 (1.367(3) Å) bonds are consistent with π-delocalization across the entire 















Figure 2.4. Thermal ellipsoid drawings and bond length cartoons of 2.3- 2.8. Isopropyl 
groups have been reduced to the methine carbon, and positional disorder in allyl structures 
and solvents of crystallization have been removed for clarity. Relevant bond lengths are 
listed in Table 2.1. 
Table 2.1. Select bond distances (Å) for 2.3- 2.8 and 2.11, 2.12, and 2.13. 
 2.3 2.4a 2.4b 2.6 2.7 
Ni-N1 1.896(1) 1.906(1) 1.908(2) 1.899(1) 1.907(1) 
Ni-O1 1.909(1) 1.870(1) 1.863(1) 1.872(1) 1.865(1) 
N1-C2 1.320(2) 1.322(1) 1.332(2) 1.330(2) 1.331(2) 
C2-C3 1.414(2) 1.418(2) 1.406(3) 1.406(2) 1.405(2) 
C3-C4 1.372(2) 1.375(2) 1.393(3) 1.402(2) 1.395(2) 
O1-C4 1.279(2) 1.286(1) 1.302(2) 1.299(2) 1.301(1) 
C4-C5 1.524(2) 1.522(2) 1.447(3) 1.446(2) 1.447(2) 
C5-C6 1.503(2) 1.513(2) 1.367(3) 1.370(2) 1.367(2) 
N2-C6 1.267(2) 1.270(1) 1.365(3) 1.361(2) 1.367(2) 
N2-M - - - - - 
O1-M - - - - - 





2.3.3. Synthesis and Characterization of Heterobimetallic Ni/Alkali Metal Complexes 
Deprotonation of 2.3 with M(HMDS) (M = Li, Na, K; HMDS = 
hexamethyldisilazide) yields the bimetallic complexes 2.11, 2.12, and 2.13 (Figure 2.5). 
The crystal structures of 2.11, 2.12, and 2.13 are presented in Figure 2.6. The solid-state 
structures of 2.11 and 2.12 are very similar. In each, the alkali metal sits in the second 
coordination pocket of the diiminate framework, slightly out of plane with respect to the 
Ni square plane. Both Na and Li are coordinated to the central O donor and the π-system 
of the Ni tolyl ligand. The N2−C6, C5−C6, and C4−C5 bond lengths are intermediate when 
compared to the imine and enamine structures (such as 2.4a and 2.4b), indicating that the 
second ligand arm is best described as an anionic enamide conjugated to the Ni N,O chelate 
(Table 2.1) with some imine character. Interestingly, the structure of 2.13 is a dimeric, 
bridged structure due to the size of the K atom. In 2.13, the second arm is “flipped” 180° 
with respect to the plane of Ni N,O chelate, such that K binds only to the δ-N. Instead, the 
K atom sits significantly farther out of plane of the ligand framework and binds to the tolyl 
π-system and β-oxygen of a second subunit. This more complicated dimer structure is also 
 2.8 2.11 2.12 2.13  
Ni-N1 1.914(2) 1.956(1) 1.966(1) 1.963(2)  
Ni-O1 1.932(1) 1.882(1) 1.878(1) 1.854(2)  
N1-C2 1.336(3) 1.340(2) 1.342(2) 1.336(3)  
C2-C3 1.399(3) 1.380(2) 1.388(2) 1.393(4)  
C3-C4 1.399(3) 1.401(2) 1.417(2) 1.413(4)  
O1-C4 1.293(3) 1.325(2) 1.320(2) 1.327(3)  
C4-C5 1.453(3) 1.404(2) 1.416(2) 1.412(4)  
C5-C6 1.361(3) 1.406(2) 1.417(2) 1.424(4)  
N2-C6 1.364(3) 1.326(2) 1.320(2) 1.315(3)  
N2-M - 1.915(3) 2.309(1) 2.809(2)  
O1-M - 1.829(4) 2.242(1) 2.691(2)  
C37-M - 2.276(6) 2.647(2) 3.091(2)  
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evident by NMR: both 2.11 and 2.12 display sharp 1H NMR signals consistent with their 
sold-state structures, while 2.13 displays a broad, fluxional 1H NMR that sharpens only 
upon addition of an additional ligand such as 18-crown-6. Despite this structural change, 
the N2−C6, C5−C6, and C4−C5 bond lengths in the enamide arm are similar to those 
observed in 2.11 and 2.12. 
 













Figure 2.6. Thermal ellipsoid drawings of 2.11, 2.12, and 2.13. Isopropyl groups have been 
reduced to the methine carbon, and positional disorder in 2.11 structures and solvents of 
crystallization have been removed for clarity. Relevant bond lengths are listed in Table 2.1. 
 
2.3.4. Polymerization Behavior 
Data for ethylene polymerizations catalyzed by 2.3- 2.8 and 2.10 are presented in 
Table 2.2 and Figure 2.7. Precatalysts 2.3, 2.11, 2.12, 2.13, 2.8 and 2.10 all show moderate 
polymerization activities (approx. 1 x 105 g/mol/h), while complexes 2.4a/b, 2.6, and 2.7 
are not active for ethylene polymerization because the η3-chelates are too stable toward 
























1 2.3 - 215 1.79 1.24 2.56 29 95 82 
2 2.3b - 173 1.44 0.90 2.28 64 84 73 
3 2.3 NEt3 
(500) 
199 1.65 1.41 2.26 - - - 
4 2.4a - n.d. - - - - - - 
5 2.6 - n.d. - - - - - - 
6 2.7 - n.d. - - - - - - 
7 2.8 - 111c 0.93 0.16d 3.70 118 12 -4 
8 2.8 NEt3 
(500) 
104c 0.87 0.25d 2.88 - - - 
9 2.10 - 144 1.20 1.79 2.36 40 99 87 
10 2.10 NEt3 
(500) 
107 0.89 1.80 2.27 - - - 
11 2.11 - 117 1.00 1.23 2.58 30 97 86 
12 2.11 12c4 (1) 174 1.45 1.15 2.71 47 97 85 
13 2.11b - 56 0.47 0.82 2.56 42 76 77 
14 2.11 NEt3 
(500) 
92 0.68 1.24 2.51 - - - 
15 2.12 - 168 1.40 1.49 2.24 41 96 85 
16 2.12 15c5 (1) 201 1.67 1.22 2.62 39 96 84 
17 2.12b - 52 0.43 0.84 2.38 62 77 76 
18 2.12 NEt3 
(500) 
113 0.94 1.34 2.45 - - - 
19 2.13 - 50 0.42 1.12 2.71 43 97 87 
20 2.13 18c6 (1) 30 0.25 1.24 2.83 32 98 87 
21 2.13b - 26 0.21 0.84 2.42 39 76 77 
22 2.13 NEt3 
(500) 
37 0.31 1.12 2.83 - - - 
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aPolymerization was run in 2 mL of toluene with catalyst concentrations of 0.2 mM with or without 
additives at 36 ℃ under 30 atm of C2H4(g) for 3 hours. Data are an average of 3 runs. bThe polymerizations 
were run in THF instead of toluene. cObtained polymers are sticky oil instead of powder. dBimodal 
distribution was observed. Entry 7 and 8 have a small amount of high molecular weight polymer with Mn 




Figure 2.7. Bar graphs polymerization activities (top) and polymer Mn (bottom). 
 
Although they have somewhat similar activities, complexes 2.3 and 2.8 show 
remarkably different polymerization behavior. Upon activation, these two complexes 
should have tautomeric propagating species (2.3 having an imine ligand backbone, 2.8 
having an enamine ligand backbone), and as such, it is possible to interrogate isomer effects 
on the various steps of polymerization (Figure 2.8). The imine structure, 2.3, yields an 
order of magnitude higher number average molecular weight (Mn) polymer than the 
enamine 2.8 (12400 g/mol for 2.3, 1600 g/mol for 2.8), with a broader molecular weight 
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dispersity Đ (2.6 for 2.3, 3.7 for 2.8) and less branching (29 branches/1000C for 2.3, 
118/1000 for 2.8). The data for 2.3 is quite similar to that for the “single-armed” β-
ketoiminate analog 2.10, indicating that the pendent imine has little effect on 
polymerization when compared to the control. Conversely, the enamine 2.8 exhibits 
significantly lower Mn and more branching than 2.3 or 2.10. Similarly, Li also observed 
that the catalyst on a completely conjugated naphthalene ligand backbone generated 
polyethylene with lower molecular weight and a higher number of branches than the one a 
3,4-dihydronaphthalene ligand framework.127 Their computational study indicates that the 
completely conjugated system has lower barrier in β-H transfer and higher barrier in olefin 
insertion compared to the other one. Correspondingly, the ligand framework of 2.8 is more 
conjugated than the one of 2.3 and similar results have been seen.   
 
Figure 2.8. Tautomeric relationship of the active species generated from 2.3 and 2.8. 
 
Given the striking difference in the ethylene polymerization behavior of tautomeric 
2.3 and 2.8, we examined ethylene polymerizations catalyzed by 2.11, 2.12, and 2.13, 
anticipating that the now formally anionic enamide side arm would impart more dramatic 
changes in polymerization behavior. Surprisingly, while polymerizations with 2.11, 2.12, 
and 2.13 under standard conditions yielded slightly lower activities, the Mn and Đ values 
are virtually the same as the imine tautomer 2.3. We hypothesize that the deprotonated 2.3 
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catalysts, 2.11-2.13, behave more similarly to the imine 2.3 than the enamine 2.8 is because 
of rotation around the C4-C5 bond (Figure 2.9). Upon ethylene insertion into the Ni-tolyl 
bond, the cation-π interaction to the alkali metal will be weakened/lost, resulting in less 
preference for the alkali metal to reside in the N,O chelate. Rotation of the C-C bond (as 
observed in the solid-state structure of 2.13) while maintaining a close ion pair between 
the enamide and alkali metal would ultimately result in a catalyst structure similar to 2.3 
in overall charge and steric profile. 
 
Figure 2.9. Out-of-plane enamide rotation yields deprotonated active species that are 
sterically and electronically similar to neutral 2.3. 
 
In order to test this hypothesis, polymerizations catalyzed by 2.3, 2.11, 2.12, and 
2.13 were run in the presence of crown ether (12-crown-4 for 2.11; 15-crown-5 for 2.12; 
18-crown-6 for 2.13). The crown ether should serve to cap the alkali metal while not fully 
separating it from the anionic ligand, and thus should not significantly perturb the overall 
charge of the active catalyst. In the case that the alkali metal remains in the N,O chelate 
and also binds the crown, the increased steric pressure on Ni would perturb the rate of β-H 
elimination/termination as compared to 2.3. The results of these polymerization 
experiments are presented in Table 2.2. There was little change in polymerization behavior 
(activity, Mn, or Đ) when crown ether additives were used, indicating the capped alkali 
metal is likely not close to Ni. These results are consistent with the hypothesis: the crown-
capped alkali metal complexes behave as if they were neutral ligands like 2.3 with distal 
enamides rotated out of plane. Conversely, running reactions in THF resulted in a 
significant drop in polymerization activity for all deprotonated complexes, but not for 2.3. 
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We hypothesize that this is the result of a greater degree of ionization in the polar solvent: 
the resulting more electron-rich Ni complex would likely yield lower activity. 
Finally, all competent polymerization catalysts were tested for their tolerance 
toward 500 equivalents of NEt3. In all cases, activity remained remarkably high and 
molecular weight was unchanged, even for the β-ketoiminate single-armed control 2.10. 
These ketoiminate-type complexes are more NEt3 tolerant than Grubbs-type 
salicylalidmine catalysts10 and Agapie’s bimetallic catalysts.25 Unfortunately, none of 
these complexes catalyze ethylene copolymerization with simple molecules such as 1-
octene and as such are not candidates for functional comonomer copolymerization. 
However, these results indicate that a deeper investigation of the copolymerization 
capabilities of ketoiminate-type ligands may be warranted. 
 
2.4. Conclusion 
A new series of Ni complexes based on a β-oxo-δ-diiminate ligand have been 
reported. Depending on the method of synthesis and the functional groups on Ni, both 
enamine and imine tautomers of the ligand have been isolated and characterized. Although 
the differences in the tautomeric structures is in the second “arm” of the ligand and not in the 
primary coordination sphere of Ni, they have a large impact on ethylene polymerization 
catalysis: the enamine tautomer conjugates with the Ni chelate ring and increases electron 
density on Ni to yield low molecular weight polymers, while the imine tautomer arm rotates 
out of plane and has minimal influence on polymerization. Installation of an alkali metal in 
the second coordination pocket of the ligand likewise yields limited influence on 
polymerization, as the resulting metal enamide “arms” can rotate away from the Ni 
coordination sphere. Finally, these ketiminate Ni complexes were found to be highly tolerant 








2.5. Experimental Sections 
2.5.1. General Materials, Considerations and Instrumentation 
All air- and moisture-sensitive compounds were manipulated in a glovebox under a 
nitrogen atmosphere. All solvents dried in a Glass Contour Solvent System and liquid 
reagents were passed through activated basic alumina and titrated with a stock solution of 
Na/benzophenone where compatible to ensure dryness. Ultra high purity ethylene (99.9%) 
was purchased from Airgas, and oxygen and water were further removed by using a PUR-







ket(2,6-diisopropylphenyl)imine (BKI)134 were prepared according to literature procedure. 
1H and 13C spectra of ligand and complexes were collected on Bruker Avance III HD 
NanoBay 400 MHz, Bruker Avance III HD 500 MHz, or Varian Inova 500 MHz 
spectrometers. 13C spectra of polyethylene were collected at 100 ℃ in 1,1,2,2-
tetrachloroethane on Agilent/Varian VNMR 600 MHz spectrometer. X-ray crystallography 
was collected on a Bruker APEX II CCD diffractometer with a 0.71073 Å Mo Kα source or 
on a Bruker-AXS D8 Venture diffractometer with a 1.54178 Å Cu Kα source. GPC analyses 
were carried out on an Agilent PL-GPC 220 high temperature GPC/SEC system at 135 ℃ in 
1,2,4-trichlorobenzene calibrated with polystyrene standards with an universal correction for 
linear polyethylene in the Mark-Houwink equation (K = 39.0 mL/mg, α = 0.729).135 DSC 
analyses were carried out on a TA Discovery DSC system.  
2.5.2. Synthetic Procedure 
Synthesis of C31H44N2O, H2(BODDI) (2.1). The preparation of this ligand followed the 
published procedure with a slight modification.128 A mixture of diacetylacetone (801 mg 
5.63 mmol) and 2,6-diisopropylaniline (2.99 g, 16.8 mmol) was stirred for 3 days. The 
solution turned to an orange brown solid, at which point 5 mL of ethanol was added and 
then sonicated. Addition of 15 mL deionized water caused a pale yellow powder to 
precipitate. The suspension was filtered, washed with water, and dried in vacuo to yield 
2.1 (2.21 g, 85.2% yield). Both 1H and 13C NMR spectra match the reported values.  
Synthesis of C31H43N2OK, H(BODII)K (2.2). To a solution of 2.1 (921 mg, 2.0 mmol) in 
THF (3 mL), a solution of tBuOK (258 mg, 2.3 mmol) in THF (2 mL) was added dropwise 
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at ambient temperature. After color of the mixture turned light yellow, the mixture was 
stirred for another 1 hour. The volatiles were removed in vacuo and, then the crude product 
was triturated in 5 mL of hexanes overnight. 2.2 was collected via vacuum filtration as 
white powder (850 mg, 85% yield). 1H NMR (CD2Cl2, 400 MHz): δ 7.13(m, 6H), 4.76 (s, 
1H), 3.09 (s, 2H), 2.96(sep, 2H, J = 6.8 Hz), 2.79(sep, 2H, J = 6.8 Hz), 1.88 (s, 3H), 1.55(s, 
3H), 1.16(m, 12H), 0.92 (d, 6H, J = 6.9 Hz) ppm.  
 
Figure 2.10. 1H NMR spectrum of 2.2 in CD2Cl2. Taken from JC01058A. Peaks labeled 
with * belong to free ligand 2.1. 
 
Synthesis of C43H55N3ONi, H(BODII)Ni(o-tolyl)(py)  (2.3). A solution of (tmeda)Ni(o-
tolyl)Cl (30.6 mg, 0.1 mmol) and pyridine (30.0 µL, 1.5 mmol) in benzene  (3 mL) was 
added to a suspension of deprotonated ligand 2.2 (49.9 mg, 0.1 mmol) in benzene (2 mL) 
at ambient temperature. The suspension became an orange solution, and within 30 minutes 
KCl precipitation was evident. The mixture was stirred at ambient temperature for 1.5 
hours and then filtered to collect the filtrate. Volatiles of the filtrate were removed in vacuo 
to yield an orange solid. The crude product was dissolved in minimal pentane, and large 
X-ray quality orange crystals of 2.3 were obtained from slow evaporation of the solvent 
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(30.0 mg, 44% yield). 1H NMR (C6D6, 500 MHz): δ8.54 (d, 2H, 
3JHH = 6.0 Hz), 7.27 (d, 
1H, 3JHH = 7.4 Hz), 7.18-7.08 (m, 4H), 6.74 (d, 1H, 
3JHH = 7.5 Hz), 6.59-6.56 (m, 3H), 6.50 
(b, 1H), 6.41 (t, 1H, 3JHH = 7.5 Hz), 6.10 (d, 2H, 
3JHH = 6.5 Hz), 5.36 (d, 1H, 
4JHH = 1.2 
Hz), 4.72 (sep, 1H, 3JHH = 6.5 Hz), 3.74 (s, 3H), 3.48 (d, 1H, 
2JHH = 12.4 Hz), 3.37 (d, 1H, 
2JHH = 12.1 Hz), 2.85-3.11 (m, 2H), 2.79 (sep, 1H, 
3JHH = 6.3 Hz), 2.32 (d, 3H, 
3JHH = 6.4 
Hz), 1.64(s, 3H), 1.50(d, 3H, 4JHH = 1.2 Hz), 1.28-1.24 (m, 6H), 1.21 (d, 3H, 
3JHH = 6.9 
Hz), 1.18 (d, 3H, 3JHH = 7.0 Hz), 1.09 (d, 3H, 
3JHH = 6.5 Hz), 1.03 (d, 3H, 
3JHH = 6.8 Hz), 
0.47 (d, 3H, 3JHH = 5.8 Hz) ppm. 
13C  NMR (C6D6, 125 MHz): δ174.38 (O-C), 167.47 
(N=C), 167.38 (N=C), 151.79, 151.63, 150.52, 147.82, 146.84, 143.30, 141.27, 140.91, 
136.31, 136.10, 135.71, 135.41, 125.45, 123.39, 123.30, 123.03, 122.93, 122.86, 122.39, 
121.93, 99.54 (=βC), 52.73(-βC), 28.82, 28.03, 27.92, 27.70, 25.24, 24.61, 24.37, 24.17, 
23.30, 23.16, 22.94, 22.88, 22.78, 19.36 ppm. Anal. Calcd. (%) for C43H55N3ONi: C, 75.00; 
H, 8.05; N, 6.10. Found: C, 73.05; H, 7.85; N, 5.29. 
 




Synthesis of C34H48N2ONi, H(BODII)Ni(η3-C3H5) (2.4a). A solution of [(η3-
C3H5)NiBr]2 (36.0 mg, 0.1 mmol) in Et2O (2 mL) was added dropwise to a suspension of 
the deprotonated ligand 2.2 (101.0 mg, 0.2 mmol) in Et2O (2 mL) at ambient temperature. 
The suspension became an orange solution, and within 30 minutes KCl precipitation was 
evident. The mixture was stirred at ambient temperature for 1 hour and then filtered to 
collect the filtrate. Volatiles of the filtrate were removed in vacuo to yield an orange yellow 
solid. The crude product was dissolved in minimal pentane, and large X-ray quality brown 
crystals of 2.4a were obtained from slow evaporation of the solvent (64.2 mg, 58% yield). 
1H NMR (C6D6, 500 MHz): δ 7.20 (br, 1H), 7.14-7.09 (m, 2H), 7.02-6.96 (m, 3H), 5.65-
5.58 (m, 1H), 5.29 (s, 1H), 3.84 (sep, 1H, 3JHH = 7.0 Hz), 3.42 (s, 2H), 3.21 (sep, 1H, 
3JHH 
= 7.0 Hz), 3.12-3.01 (m, 3H), 2.56 (d, 1H, 3JHH = 13.0 Hz), 1.70 (s, 3H), 1.46 (s, 3H), 1.42 
(d, 1H, 3JHH = 13.0 Hz), 1.29 (d, 3H, 
3JHH = 6.5 Hz), 1.28 (d, 3H, 
3JHH = 6.5 Hz), 1.28 (d, 
3H, 3JHH = 6.5 Hz), 1.26 (d, 6H, 
3JHH = 7.5 Hz), 1.26 (d, 3H, 
3JHH = 7.5 Hz), 1.22 (d, 3H, 
3JHH = 7.0 Hz), 1.19 (ddd, 1H, 
3JHH = 7.0, 
4JHH  = 2.6, 1.5 Hz ), 1.15 (d, 3H, 
3JHH = 7.0 Hz), 
1.06 (d, 3H, 3JHH = 7.0 Hz) ppm. 
13C   NMR (C6D6, 125 MHz): δ 176.60(O-C), 
167.70(N=C), 166.00(N=C), 150.92, 146.89, 139.59, 138.54, 136.14, 125.17, 123.55, 
123.20, 122.99, 111.31, 98.03 (=βC), 58.45(-βC), 52.40, 51.14, 28.08, 28.02, 27.96, 27.57, 
24.14, 23.71, 23.53, 23.41, 23.30, 23.28, 22.88, 22.81, 22.66, 20.18 ppm. Anal. Calcd. (%) 




Figure 2.12. 1H NMR spectrum of 2.4a in C6D6. Taken from JC03159A2. 
 
Synthesis of C34H48N2ONi, H(BODEI)Ni(η3-C3H5) (2.4b). A solution of [(η3-
C3H5)NiBr]2 (26.9 mg, 0.15 mmol) in THF (2 mL) was added dropwise to a solution of the 
deprotonated ligand 2.2 (74.9 mg, 0.15 mmol) in THF (1 mL) at ambient temperature. The 
color changed from light yellow to orange quickly, and the mixture was stirred at ambient 
temperature for 1 hour. After all the volatiles were removed in vacuo, pentane (3 mL) was 
added. KCl came out immediately and was filtered out. Volatiles of the filtrate was 
removed in vacuo to yield an orange yellow solid. The crude product was dissolved in 
minimal pentane, and X-ray quality yellow crystals of 2.4b were obtained from slow 
evaporation of the solvent at -30 ℃ for several days (27.2 mg, 33% yield). 1H NMR (C6D6, 
500 MHz): δ 10.21(s, 1H), 7.12-7.10 (m, 1H), 7.03-6.96 (m, 5H), 5.64-5.56 (m, 1H), 5.18 
(s, 1H), 5.02 (s, 1H), 3.94 (sep, 1H, 3JHH = 7.0 Hz), 3.33 (sep, 1H, 
3JHH = 7.0 Hz), 3.29 
(sep, 2H, 3JHH = 7.0 Hz), 2.68 (dd, 1H, 
3JHH = 6.0, 
4JHH = 2.0 Hz), 2.36 (d, 1H, 
3JHH = 13.0 
Hz), 1.49 (s, 3H), 1.46 (d, 1H, 3JHH = 13.0 Hz), 1.41(s, 3H), 1.26(d, 3H, 
3JHH = 7.0 Hz), 
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1.20 (d, 1H, 3JHH = 6.5 Hz), 1.16 (d, 3H, 
3JHH = 6.5 Hz), 1.08-1.06 (m, 15H), 1.00 (d, 3H, 
3JHH = 7.0 Hz) ppm. 
13C   NMR (C6D6, 125 MHz): δ 176.95(O-C), 163.34(N=C), 153.37(N-
C), 151.92, 147.65, 147.56, 140.56, 139.45, 135.27, 124.71, 123.40, 123.24, 123.04, 
110.25, 96.50 (=βC), 95.93 (=βC), 55.20, 51.06, 28.28, 28.22, 27.95, 27.44, 24.84, 24.74, 
24.13, 23.88, 23.55, 22.17, 22.12, 19.54 ppm. Anal. Calcd. (%) for C34H48N2ONi: C, 72.99; 
H, 8.65; N, 5.01. Found: C, 70.60; H, 8.16; N, 4.86. 
 
Figure 2.13. 1H NMR spectrum of 2.4b in C6D6. Taken from JC05054A1. 
 
Synthesis of C41H59N2OPNi, H(BODII)Ni(η1-C7H7)PMe3 (2.5) A solution of 
(PMe3)Ni(η
3- C7H7)Cl (29.2 mg, 0.1 mmol) in toluene (2 mL) was added dropwise to a 
suspension of the deprotonated ligand 2.2 (49.9 mg, 0.1 mmol) in toluene (2 mL) at ambient 
temperature. The suspension became a deep brown solution, and within 10 minutes KCl 
precipitation was evident. The mixture was stirred at ambient temperature for 1.5 hours. 
The mixture was then filtered and all the volatile of the filtrate was removed in vacuo to 
yield a brown solid. The solid was used without further purification. 1H NMR (C6D6, 500 
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MHz): δ 7.90 (s, 2H), 7.23-6.98 (m, 9H), 5.36 (s, 1H), 4.09 (sep, 2H, 3JHH = 6.5 Hz), 3.27 
(s, 2H), 3.09 (sep, 2H, 3JHH = 6.5 Hz), 1.71 (s, 3H), 1.57 (s, 3H), 1.41 (d, 6H, 
3JHH = 6.5 
Hz), 1.29 (m, 12H), 1.22 (d, 6H, 3JHH = 6.5 Hz), 0.81 (s, 2H), 0.64 (d, 9H, 
2JPH = 8.5 Hz) 
ppm. 13C   NMR (C6D6, 125 MHz): δ 173.86 (O-C), 167.47 (N=C), 159.91(N=C), 146.83, 
141.33, 136.23, 129.31, 128.20, 125.46, 123.45, 123.37, 123.04, 122.94, 98.03(=βC), 
53.53(-βC), 28.06, 28.01, 25.11, 24.42, 24.19, 23.32, 22.85, 19.63, 11.78 (d, 1JPC = 25.1 
Hz), 9.35 (d, 2JPC = 31.3 Hz) ppm. 
31P NMR (C6D6, 161 MHz): δ -13.60 ppm. 
 
Figure 2.14. 1H NMR spectrum of 2.5 in C6D6. Taken from JC04003A2. 
 
Synthesis of C38H50N2ONi, H(BODEI)Ni(η3-C7H7) (2.6). Without purification, crude 
product of 2.5 and B(C6F5)3 (51.3 mg, 0.1 mmol) were dissolved in toluene (2 mL) 
separately and cooled at -30 ℃. B(C6F5)3 solution was transferred to the solution of 
complex 2.5 dropwise. After being stirred at ambient temperature for 30 minutes, the 
volatile of the filtrate was removed in vacuo to get a brown solid. Pentane (2 mL) was 
added to the crude product and oil-like brown precipitate stayed insoluble. After being 
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stirred in pentane for 1 hour, the precipitate was filtered out and the volatile of the filtrate 
was removed in vacuo to yield 2.6 as a deep red solid. The product was dissolved in 
minimal diethyl ether and cooled to -30 ℃ for several days to yield x-ray quality dark 
brown crystals. (29.7 mg, 51% overall yield) 1H NMR (C6D6, 500 MHz): δ9.55 (s, 1H), 
7.12 (t, 1H, 3JHH = 7.3 Hz) 7.11-7.07 (m, 5H), 6.95-6.93 (m, 3H), 6.80-6.78 (m, 3H), 4.95 
(s, 1H), 4.84 (s, 1H), 3.92 (sep, 2H, 3JHH = 7.0 Hz), 3.25 (sep, 2H, 
3JHH = 7.0 Hz), 1.48 (s, 
3H), 1.41 (d, 6H, 3JHH = 7.0 Hz), 1.35 (s, 3H), 1.15 (d, 6H, 
3JHH = 7.0 Hz), 1.08 (d, 6H, 
3JHH = 6.5 Hz), 1.01 (d, 6H, 
3JHH = 7.0 Hz), 0.67 (s, 2H) ppm. 
13C  NMR (C6D6, 125 MHz): 
δ 176.34(O=C), 162.51(N=C), 152.76(N-C), 151.94, 147.64, 140.10, 135.03, 132.88, 
126.33, 124.69, 123.38, 123.26, 115.79, 107.69, 96.29(=βC), 96.19(=βC), 27.89, 27.77, 
27.12, 24.01, 23.99, 23.94, 23.39, 19.87 ppm. Anal. Calcd. (%) for C38H50N2ONi: C, 74.88; 
H, 8.27; N, 4.60. Found: C, 70.49; H, 7.75; N, 4.35. 
 




Synthesis of C35H51N2ONi, H(BODEI)Ni(η3-C4H8) (2.7). 2.1 (92.1 mg, 0.2 mmol) and 
Ni(η3-methallyl)2 (37.0 mg, 0.22 mmol) were dissolved in toluene (2 mL), heated to 80 ℃ 
and stirred overnight. Afterwards, some Ni0 black precipitate was filtered out and all the 
volatile was removed in vacuo to yield 2.7 as an orange yellow solid. (92.9 mg, 81% yield) 
X-ray quality needlelike yellow crystals were obtained by cooling of a concentrated Et2O 
solution of 2.7. 1H NMR (C6D6, 500 MHz): δ 10.31 (s, 1H), 7.13-7.01 (m, 6H), 5.19 (s, 
1H), 5.04 (s, 1H), 4.10 (sep, 1H, 3JHH = 6.5 Hz), 3.45 (sep, 1H, 
3JHH = 7.0 Hz), 3.38-3.30 
(m, 2H) 2.58 (d, 1H, 4JHH = 2.0 Hz), 2.52 (s, 1H), 2.18 (s, 3H), 1.53 (s, 3H), 1.43 (s, 3H), 
1.32 (d, 3H, 3JHH = 6.5 Hz), 1.28-1.27 (m, 4H), 1.13-1.10 (m, 16H), 1.00 (d, 3H, 
3JHH = 6.5 
Hz) ppm. 13C  NMR (C6D6, 125 MHz): δ 176.93(O-C), 163.35(N=C), 153.19(N-C), 151.79, 
147.74, 147.55, 140.79, 139.47, 135.34, 124.65, 123.80, 123.49, 123.26, 123.17, 123.02, 
96.56(=βC), 95.88(=βC), 65.54, 57.49, 49.08, 28.29, 28.27, 27.93, 27.56, 24.90, 24.79, 
24.39, 24.15, 24.02, 23.91, 23.56, 23.20, 22.40, 22.13, 22.00, 19.49, 15.23 ppm. Anal. 
Calcd. (%) for C35H51N2ONi: C, 73.30; H, 8.79; N, 4.88. Found: C, 73.46; H, 8.75; N, 4.89. 
 




Synthesis of C37H51N3ONi, H(BODEI)Ni(Me)(py) (2.8). MeLi (0.625 mL, 1.6M in 
diethyl ether, 1 mmol) was added dropwise to a stirring suspension of (tmeda)Ni(OAc)2 
(146.5 mg, 0.5 mmol) in a 9:1 toluene/THF mixture (5 mL) at -45 ℃. The temperature was 
kept below -25 ℃. Once the green suspension turned into a brown yellow solution, a 
solution of 2.1 (138.2 mg, 0.3 mmol) in toluene (1 mL) was added to the mixture at -25 ℃ 
followed by an addition of pyridine (0.2 mL, 2.4 mmol). The solution was then heated to 
45 ℃ and stirred for 2 days. Afterward, the mixture was filtered and the filtrate was 
concentrated in vacuo to less than 1 mL of total volume. 5 mL of pentane was added to 
precipitate out an orange powder. The mother liquor was decanted out and the solid was 
washed by another 5 mL of pentane (118.7 mg, 65 % yield). Large X-ray quality brown 
crystals were obtained by slow diffusion of pentane into a concentrated Et2O solution of 
2.8 at -30 ℃.  1H NMR (C6D6, 500 MHz): δ 9.25 (s, 1H), 8.88(d, 2H, 
3JHH = 5.0 Hz), 7.13 
(s, 3H), 7.02 (m, 1H), 6.88 (s, 1H), 6.87 (s, 1H), 6.25(t, 1H, 3JHH = 8.0 Hz), 6.03 (t, 2H, 
3JHH = 7.0 Hz), 5.23 (1, 1H), 4.95 (s, 1H), 4.17 (sep, 2H, 
3JHH = 7.0 Hz), 2.99 (sep, 2H, 
3JHH = 6.5 Hz) 1.69 (d, 6H, 
3JHH = 6.5 Hz), 1.55 (s, 3H), 1.34 (s, 3H), 1.20 (d, 6H, 
3JHH = 
7.0 Hz), 0.99 (d, 6H, 3JHH = 6.5 Hz), 0.75 (d, 6H, 
3JHH = 6.5 Hz), -0.76 (s, 3H) ppm. 
13C  
NMR (C6D6, 125 MHz): δ 176.03(O-C), 163.08(N=C), 151.67(N-C), 150.90, 148.88, 
147.27, 141.50, 135.25, 134.82, 127.20, 124.86, 123.29, 123.14, 122.81, 97.85(=βC), 
96.19(=βC), 28.43, 27.86, 27.69, 25.53, 24.39, 24.03, 24.00, 23.97, 22.98, 22.33, 19.64, -
4.77 ppm. Anal. Calcd. (%) for C37H51N3ONi: C, 72.55; H, 8.39; N, 6.86. Found: C, 72.14; 




Figure 2.17. 1H NMR spectrum of 2.8 in C6D6. Taken from JC03053D. 
 
Synthesis of C62H86N4O2Ni, [H(BODII)]2Ni (2.9). A solution of deprotonated ligand 2.2 
(49.9 mg, 0.1 mmol) in THF (1 mL) was added to a suspension of the Ni(OAc)2 (17.6 mg, 
0.1 mmol) in THF (2 mL) at ambient temperature. The suspension became a brown solution, 
and within 10 minutes KCl precipitation was evident. The mixture was stirred at ambient 
temperature for 1 hour. All the volatiles were removed in vacuo and n-pentane (5 mL) was 
added to the crude mixture. After stirring in n-pentane for 1 hour, the mixture was filtered 
and the filtrate was concentrated and cooled to -30 ℃ overnight to yield green plate crystals. 
(66.5 mg, 68 % yield) 1H NMR (C6D6, 500 MHz): δ 7.14-7.08 (m, 6H), 7.04 (d, 2H, 
3JHH 
= 10.0 Hz), 9.69 (d, 4H, 3JHH = 9.5 Hz), 5.43 (s, 2H), 4.01 (sep, 4H, 
3JHH = 8.5 Hz), 2.91 
(sep, 4H, 3JHH = 8.5 Hz),  2.62 (s, 4H), 1.70 (d, 12H, 
3JHH = 8.5 Hz), 1.43 (s, 6H), 1.36 (s, 
6H), 1.21 (d, 12H, 3JHH = 8.5 Hz), 1.17 (d, 24H, 
3JHH = 8.5 Hz) ppm.
 13C NMR (C6D6, 125 
MHz): δ 173.16(O-C), 166.97(N=C), 166.25(N=C), 146.58, 144.33, 141.94, 136.18, 
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125.22, 123.62, 123.24, 123.06, 98.47(=βC), 49.73(-βC), 34.15, 28.55, 27.99, 24.30, 23.64, 
23.34, 22.78, 22.43, 20.35, 13.98 ppm. Anal. Calcd. (%) for C62H86N4O2Ni: C, 76.14; H, 
8.86; N, 5.73. Found: C, 75.83; H, 8.81; N, 5.72. 
 




Figure 2.19. Thermal ellipsoid drawing of 2.9.  
 
Synthesis of C29H36N2ONi, (BKI)Ni(o-tolyl)(py)  (2.10). To a suspension of NaH (35.0 
mg, 1.4 mmol) in THF (2 mL), a solution of the BKI ligand (259 mg, 1.0 mmol) in THF 
(3 mL) was added dropwise at ambient temperature. After the gas evolution has ceased, 
the solution was stirred for another 30 minutes and filtered. A mixture of (tmeda)Ni(o-
tolyl)Cl (306 mg, 1.0 mmol) and pyridine (0.1 mL) in THF (1 mL) was transferred to the 
solution at ambient temperature. After being stirred for 1 hour, all the volatiles of the 
mixture were removed in vacuo. Hexanes (5 mL) was added to the crude mixture and the 
mixture was stirred for another 30 minutes. The mixture was filtered and the filtrate was 
concentrated and cooled to -30 ℃ overnight to yield orange needlelike crystals. (40.6 mg, 
42 % yield) 1H NMR (C6D6, 500 MHz): δ8.58 (d, 2H, 
3JHH = 5.5 Hz), 7.27 (d, 1H, 
3JHH = 
7.5 Hz), 7.09 (t, 1H, 3JHH = 7.5 Hz), 6.73 (d, 1H, 
3JHH = 7.5 Hz), 6.62-6.54 (m, 4H), 6.41 
(t, 1H, 3JHH = 7.5 Hz), 6.07 (t, 2H, 
3JHH = 7.5 Hz), 5.20 (s, 1H), 4.61 (sep, 1H, 
3JHH = 6.5 
Hz), 3.75 (s, 3H), 2.88 (sep, 1H, 3JHH = 7.0 Hz), 2.32 (d, 3H, 
3JHH = 6.5 Hz) 1.95 (s, 3H), 
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1.51 (s, 3H), 1.27 (d, 3H, 3JHH = 7.0 Hz), 1.04 (d, 3H, 
3JHH = 7.0 Hz), 0.49 (d, 3H, 
3JHH = 
6.5 Hz) ppm. 13C NMR (C6D6, 125 MHz): δ 176.13(O-C), 166.71(N=C), 151.83, 150.91, 
148.09, 143.43, 141.41, 141.18, 135.81, 135.18, 125.28, 125.19, 123.25, 123.21, 122.84, 
122.25, 121.77, 98.61(=βC), 28.66, 27.69, 25.79, 25.34, 24.76, 24.62, 24.36, 24.13, 22.85 
ppm. Anal. Calcd. (%) for C29H36N2ONi: C, 71.48; H, 7.45; N, 5.75. Found: C, 71.34; H, 
7.34; N, 5.76. 
 
Figure 2.20. 1H NMR spectrum of 2.10 in C6D6. Taken from JC05011A2. 
 
Synthesis of C43H54N3OLiNi, Li(BODDI)Ni(o-tolyl)py (2.11). To a solution of 2.3 (68.9 
mg, 0.1 mmol) in Et2O (1 mL), a solution of LiHMDS·Et2O (24.1 mg, 0.1 mmol) in Et2O 
(2 mL) was added dropwise under stirring at the ambient temperature for an hour. Volatiles 
were removed in vacuo to yield red solid. The crude product was precipitated from a 
mixture of Et2O (0.1 mL) and pentane (1 mL) cooled to -30 ℃ overnight, yielding 2.11 as 
a red precipitate. The precipitate was recrystallized from pentane (1 mL) again to yield 
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dark red crystals.  (12.6 mg, 18% yield). X-ray quality brown crystals were obtained in 
minimal pentane at -30 ℃ over days. 1H NMR (C6D6, 500 MHz): δ8.70 (br, 1H),  8.09 (br, 
1H), 7.71 (d, 1H, 3JHH = 7.5 Hz), 7.04-7.02 (m, 2H, 6.98 (d, 1H, 
3JHH = 7.5 Hz), 6.84 (d, 
1H, 3JHH = 7.5 Hz), 6.75 (t, 1H, 
3JHH = 7.5 Hz), 6.62 (t, 1H, 
3JHH = 7.0Hz), 6.54 (d, 1H, 
3JHH = 7.5 Hz), 6.50 (d, 1H, 
3JHH = 7.5 Hz), 6.23 (t, 1H, 
3JHH = 7.5Hz), 6.08 (tt, 1H, 
3JHH = 
7.5, 4JHH =1.5 Hz), 5.81 (br, 1H), 5.63 (br, 1H), 5.14 (s, 1H), 4.91 (s, 1H), 4.59 (sep, 1H, 
3JHH = 6.5 Hz), 3.90 (sep, 1H, 
3JHH = 6.5 Hz), 3.57 (s, 3H), 3.08 (sep, 1H, 
3JHH = 7.0 Hz), 
3.00 (sep, 1H, 3JHH = 6.5 Hz), 1.61 (s, 3H), 1.56-54 (m, 6H), 1.24 (d, 3H, 
3JHH = 7.5 Hz), 
1.17 (m, 6H), 1.11 (m, 6H), 1.06 (d, 3H, 3JHH = 7.0 Hz), 0.97 (d, 3H, 
3JHH = 7.0 Hz) ppm. 
13C NMR (C6D6, 125 MHz): δ170.23(O-C), 164.46(N=C), 159.16(N=C), 152.15, 151.63, 
148.10, 147.97, 143.79, 143.19, 140.84, 134.90, 134.40, 128.40, 125.15, 124.65, 123.96, 
122.81, 122.77, 122.54, 94.35(=βC), 92.00(=βC), 27.98, 27.76, 27.59, 27.49, 25.33, 24.90, 
24.68, 24.63, 24.56, 24.49, 24.27, 23.86, 23.14, 22.88 ppm. Anal. Calcd. (%) for C43H54N3-
OLiNi: C, 74.36; H, 7.84; N, 6.05. Found: C, 74.17; H, 7.90; N, 6.06. 
 




Synthesis of C47H64N3O2NaNi, (Et2O)Na(BODDI)Ni(o-tolyl)py (2.12). To a solution of 
2.3 (68.9 mg, 0.1 mmol) in Et2O (1 mL), a solution of NaHMDS (18.3 mg, 0.1 mmol) in 
Et2O (2 mL) was added dropwise while stirring at ambient temperature for an hour. The 
mixture was concentrated in vacuo to a total volume of 1 mL and then cooled -30 ℃ 
overnight to yield 2.12 as red needlelike crystals which were collected via vacuum filtration 
(62.1 mg, 79% yield). Since coordinated diethyl ether is labile, the crystals were dried in 
vacuo for only another 15 minutes before being prepared for use.  1H NMR (C6D6, 500 
MHz): δ8.40 (d, 2H, 3JHH = 5.0 Hz), 7.42 (d, 1H, 
3JHH = 7.0 Hz), 7.08 (d, 2H, 
3JHH = 6.5 
Hz), 7.01 (t, 2H, 3JHH = 3.0 Hz), 6.86 (t, 2H, 
3JHH = 7.0 Hz), 6.63 (d, 1H, 
3JHH = 7.0 Hz), 
6.35 (t, 1H, 3JHH = 7.0 Hz), 6.27 (t, 1H, 
3JHH = 7.0 Hz), 6.16 (t, 1H, 
3JHH = 7.5 Hz), 5.81 
(br, 2H), 5.25 (s, 1H), 4.91 (s, 1H), 4.28 (br, 2H), 3.70 (s, 3H), 3.21 (q, 4H, 3JHH = 7.0 Hz), 
3.05 (br, 2H), 1.71 (s, 3H), 1.68 (s, 3H), 1.27 (d, 6H, 3JHH = 6.5 Hz), 1.23 (br, 18H), 1.07  
(t, 6H, 3JHH = 7.0 Hz) ppm. 
13C  NMR (C6D6, 125 MHz): 173.39(O-C), 163.64(N=C), 
157.56(N-C), 152.00, 150.35, 148.57, 145.06, 144.06, 134.28, 134.09, 123.77, 123.20, 
122.77, 122.74, 122.67, 122.22, 121.78, 96.73(=βC), 91.77(=βC), 65.55, 27.87, 27.26, 
24.86, 24.84, 24.74, 24.41, 24.23, 23.47, 22.35, 15.07 ppm. Anal. Calcd. (%) for C47H64N3-




Figure 2.22. 1H NMR spectrum of 2.12 in C6D6. Taken from JC04082A1. 
 
Synthesis of C86H108N6O2K2Ni2, [K(BODDI)Ni(o-tolyl)py]2 (2.13). To a solution of 2.3 
(68.9 mg, 0.1 mmol) in Et2O (1 mL), a solution of KHMDS (19.9 mg, 0.1 mmol) in Et2O 
(2 mL) was added dropwise under stirring at ambient temperature for an hour. Volatiles 
were removed in vacuo to yield an orange-red precipitate. The product was crystallized by 
addition of pentane into the crude precipitate, yielding 2.13 as orange crystals which could 
be collected via vacuum filtration (52.2 mg, 77% yield). The 1H NMR is uninterpretable 
due to the fluxionality of the structure. 1H NMR After the addition of one equivalent of 18-
crown-6, the 1H NMR sharpens considerably. Crystals of 2.13 (36.3 mg, 0.025 mmol) and 
18-crown-6 (13.2 mg, 0.05 mmol) were dissolved in benzene (2 mL) separately. 18-crown-
6 solution was transferred to the solution of 2.13 dropwise. After being stirred at ambient 
temperature for 30 minutes, the volatile of the filtrate was removed in vacuo to get an 
orange precipitate. Pentane (2 mL) was added to the crude product and the mixture was 
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being stirred in pentane for another 30 minutes. The precipitate was collected via vacuum 
filtration to yield 2.13-18c6 as an orange solid. (38.0 mg, 76% yield) 1H NMR (1 eq 18c6, 
C6D6, 500 MHz): δ8.93 (br, 2H), 7.36 (br, 1H), 7.25 (br, 1H), 7.17-7.09 (m, 4H), 7.02 (t, 
1H, 3JHH = 7.0 Hz), 6.88 (br, 1H), 6.68 (br, 1H), 6.60 (br, 2H), 6.44 (t, 1H, 
3JHH = 7.0 Hz), 
6.10 (t, 2H, 3JHH = 5.0 Hz), 5.14 (s, 1H), 5.01 (br, 1H), 4.89 (s, 1H), 3.72 (m, 4H), 3.46 (br, 
1H), 3.08 (br, 1H), 2.95 (s, 24H), 2.36 (br, 3H), 2.04 (s, 3H), 1.84 (s, 3H), 1.61 (br, 3H), 
1.49-1.46 (m, 9H), 0.97 (br, 6H), 0.78 (br, 3H) ppm. Adequate elemental analysis was not 
obtained for this compound due to residual solvent. 
 





Figure 2.24. 1H NMR spectrum of 2.13 with 1 equivalent of 18-crown-6 in C6D6. Taken 
from JC05033A4. 
 
2.5.3. X-ray Crystal Data: General Procedure 
Crystals were removed quickly from a scintillation vial to a microscope slide coated 
with paraffin oil. Samples were selected and mounted on the tip of a 0.1 mm diameter glass 
capillary. The structures were solved by direct methods. All non-hydrogen atoms were 
refined anisotropically. Details regarding refined data and cell parameters are available in 











Table 2.3. Crystal and refinement data for complexes 2.3, 2.4a, 2.4b, 2.6 and 2.7. 
 2.3 2.4a 2.4b 2.6 2.7 
CCDC Number 1470956 1470961 1470960 1470962 1470963 
Empirical Formula 
 
C43H55N3ONi C34H48N2ONi C34H48N2ONi C38H50N2ONi∙C4H10O C35H50N2ONi 
Formula Weight 688.61 559.43 559.43 683.61 573.46 
T (K) 174 123 124 123 123 
a, Å 32.296(2) 11.9701(4) 14.1676(4) 11.6448(5) 16.2014(4) 
b, Å 15.5369(11) 11.5661(4) 14.7411(4) 11.2985(4) 13.8953(3) 
c, Å 15.7168(11) 22.9916(7) 30.8510(9) 29.4586(12) 15.0475(3) 
α, deg 90 90 90 90 90 
β, deg 100.985(1) 94.908(1) 90 96.1498(11) 105.642(1) 
, deg 90 90 90 90 90 
Volume, Å3 7741.9(9) 3171.46(18) 6443.1(3) 3853.5(3) 3262.09(13) 
Z 8 4 8 4 4 
Crystal System Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic 
Space Group C2/c P21/n Pbca P21/n P21/c 
dcalc, g/cm3 1.182 1.172 1.153 1.178 1.168 
θ Range, deg 
2.33 to 28.29 3.71 to 74.50 4.24 to 74.45 3.01 to 77.41 2.83 to 
74.53ccc 
µ, mm-1 0.536 1.072 1.055 0.989 1.053 
Abs. Correction Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan 
GOF 1.034 1.012 1.046 1.071 1.070 
R1
 ,a  
wR2
 b [I>2σ(I)] 
 
R1 = 0.0326 
wR2 = 0.0862 
R1 = 0.0318 
wR2 = 0.0960  
R1 = 0.0483 
wR2 = 0.1266 
R1 = 0.0459 
wR2 =0.1308 
R1 = 0.0311 
wR2 = 0.0807 






Table 2.4. Crystal and refinement data for complexes 2.8, 2.9, 2.11, 2.12, and 2.13. 
 2.8 2.9 2.11 2.12 2.13 














612.50 1050.18 694.52 854.62 1637.63 
T (K) 123 123 174 123 123 
a, Å 18.1208(8) 11.2089(3) 18.643(2) 19.6839(5) 24.0019(5) 
b, Å 8.5678(4) 16.0203(5) 15.3367(17) 14.0063(4) 13.3076(3) 
c, Å 21.5224(9) 17.9337(6) 15.6079(17) 17.9823(5) 29.0717(6) 
α, deg 90 74.511(1) 90 90 90 
β, deg 90 81.636(1) 94.177(2) 96.439(1) 102.400(1) 
, deg 90 88.114(1) 90 90 90 
Volume, Å3 3341.5(3) 3070.33(16) 4450.8(8) 4926.4(2) 9069.1(3) 
Z 4 2 4 4 4 
Crystal System Orthorhombic Triclinic Monoclinic Monoclinic Monoclinic 
Space Group Pca21 P-1 P21/c P21/c C2/c 
dcalc, g/cm3 1.217 1.136 1.036 1.152 1.199 
θ Range, deg 3.19 to 77.31 3.98 to 72.36 2.21 to 24.82 2.26 to 74.40 3.11 to 74.44 
µ, mm-1 1.071 0.791 0.467 0.969 1.722 
Abs. Correction Multi-scan Multi-scan Multi-scan Multi-scan Multi-scan 
GOF 1.067 1.031 1.079 1.025 1.066 
R1
 ,a  
wR2
 b [I>2σ(I)] 
 
R1 = 0.0299 
wR2 = 0.0811 
R1 = 0.0334 
wR2 = 0.0882 
R1 = 0.0361 
wR2 = 0.1050 
R1 = 0.0411 
wR2 = 0.1136 
R1 = 0.0562 
wR2 = 0.1533 
aR1 = ∑||Fo| - |Fc||/∑|Fo|.  bwR2 = [∑[w(Fo2-Fc2)2]/∑[w(Fo2)2]1/2. 
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2.5.4. General Polymerization 
All polymerization reactions were carried out in a Biotage Endeavor parallel 
pressure reactor with overhead stirring housed in a N2 atmosphere glovebox. A toluene 
stock solution of catalyst was diluted in the reactor. Reactions were run with 2 mL total 
reaction volume in toluene or THF at catalyst concentrations of 0.2 mM. Polymerizations 
with additives were run with 500 equivalents of triethylamine or 1 equivalent of the 
appropriate crown ether. Then, the reactor was sealed, heated (36 ℃), and pressurized with 
C2H4 (30 atm). The reactions were run for 3 hours. Afterwards, the reactions were 
depressurized and removed from the glovebox, and the polymer was precipitated out by 
the addition of acetone, filtered and dried in vacuo prior to analysis by SEC, DSC, and 13C 
NMR.  
Spectra of polymer characterizations  
Molecular weight distributions were layered to confirm the consistency of three 
different runs. DSC traces have the heating process (green line) from -80 to 250 ℃ and the 
cooling process (blue line) from 150 to -80 ℃. The 13C NMR spectrums of obtained 
polymers were used to calculate the number of branches and no obvious difference between 
prolonged relaxation time (20 sec) and typical setting (1 sec). +B1 of methyl and 
+B2 
of ethyl branches, which have the resonance around 29.84 and 29.94 ppm respectively, 




Figure 2.25. Representative molecular weight distribution of polyethylene made with 
complex 2.3 (Table 2.2, entry 7). Taken from JC05055A6. 
 
Figure 2.26. Representative DSC traces of polyethylene made with 2.3 (Table 2.2, entry 




Figure 2.27. Representative 13C NMR spectrum in 1,1,2,2-tetrachloroethane-d2 of the 
polyethylene made with 2.3 (Table 2.2, entry 7). Taken from JC05055A6. 
 
Table 2.5. Other GPC and DSC traces and 13C NMR spectra of polymers in Table 2.2. 
Entry Number Notebook Page Entry Number Notebook Page 
1 JC04118A6 14 JC05060A3 
2 JC05058A6 15 JC05025A3 
3 JC05061A2 16 JC05052A3 
8 JC05055A3 17 JC05062A5 
9 JC04125A5 18 JC05025A5 
10 JC05013A3 19 JC04124A1 
11 JC05050A3 20 JC05052A5 
12 JC05060A6 21 JC05062A7 




Ethylene Polymerization Catalyzed by Bridging Ni/Zn Heterobimetallics 
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The effect of proximal Zn halides on Ni-catalyzed ethylene polymerization is 
reported in this chapter. A series of (NON)NiLX (NON = 2,6-bis-((2,6-
diisopropylphenyl)imino)methyl phenoxide; LX = methallyl or L = py, X = tolyl, 12-14) 
ethylene polymerization precatalysts have been synthesized, as well as a heterobimetallic 
Ni/Zn complex, (NON)Ni(C3H7)ZnBr2 (15). Each precatalyst could be activated (or 
promoted) by ZnX2 (X= Cl, Br, Et) to polymerize ethylene. In situ recruitment of ZnX2 by 
the free imine binding pocket of the NON complexes results in the generation of 
heterobimetallic active species that produce lower Mn polyethylene than monometallic 
controls. Room temperature ZnX2-promoted polymerizations with these catalysts resulted 
in bimodal Mn distributions that result from different catalyst speciation: “dangling” imine-
ligated ZnX2 species yield higher Mn polymer while N,O-chelated ZnX2 species yield 
lower Mn polymer. Running polymerizations at higher temperature yields in only lower Mn 
polymer resulting from exclusive formation of the thermodynamically favored N,O 
chelated Ni/Zn heterobimetallic. DFT calculations indicate that this bridging bimetallic 
complex undergoes β-H elimination more facilely than monometallic Ni analogues, 
resulting in lower molecular weight polymers. Moreover, we have successfully achieved 
our goal to synthesize a heterobimetallic complex with both metals orienting to a same 
direction during the olefin polymerization.   
 
3.2. Introduction 
The majority of advances in late-transition metal-catalyzed olefin 
polymerization have resulted from tuning the steric and electronic properties of 
ligands in the primary coordination sphere.118, 127, 136-137 However, strategies 
involving temporary, tunable, and/or interchangeable secondary coordination sphere 
effects have recently emerged as promising strategies for fine-tuning catalyst 
performance or polyolefin microstructure.25, 33, 36, 101-102, 105-107, 138-139 This area of 
research has, in part, emerged from the successes in synthetic bioinorganic 




Several different bimetallic secondary coordination sphere effects have been 
used to influence olefin polymerization catalysis by late transition metals25, 33, 36, 138-
139, examples of which are shown in Figure 3.1. For example, coordination of 
exogenous Lewis acids can dramatically increase catalytic activity, molecular 
weight, and comonomer incorporation in ethylene polymerization catalysis.33 In 
these systems, catalytic activity is primarily affected by the Lewis acid attenuating 
the electrophilicity of the active metal site. Alternately, the steric influence of 
proximal metals can also impact polymerization catalysis. For example, Agapie has 
shown that homobimetallic Ni complexes could copolymerize ethylene and α-amino 
olefins with up to 1% comonomer incorporation.25 In this system, it was proposed 
that the two Ni centers could behave cooperatively by limiting the space between 
the two nickel centers to favor productive olefin π-coordination over amine σ-
coordination. 
 





Our interest in this area is primarily driven by the potential to use secondary 
coordination sphere interactions to recruit chain transfer reagents into the primary 
coordination sphere of polymerization catalysts to increase rates of chain transfer.29, 
117, 142-145 To this end, we recently reported two heterobimetallic polymerization 
systems. First, my colleague, Abigail, has published a (phenoxyimine)Ni-based 
system with a 2,2’-bpy pendant that was capable of recruiting ZnCl2 and influencing 
ethylene polymerization catalysis primarily through sterically blocking the axial 
coordination sites on Ni36; and I have also reported a series of β-oxo-δ-diiminate Ni 
complexes which, upon deprotonation with alkali bases, disrupted the ligand’s 
ability to H-bond and ultimately changed the electrophilicity on Ni (chapter 2).138 In 
both of these systems, the resulting heterobimetallic active species contained 
spatially separated metals. In order to maximize their cooperative steric and/or 
electronic influence, we are interested in designing systems that enforce bridging 
interactions between the two metals. Herein, we report on the synthesis and 
polymerization behavior of (NON)Ni complexes (NON = 2,6-bis-((2,6-
diisopropylphenyl)imino)methyl phenoxide), which can recruit ZnX2 (X = Br, Cl) to in situ 
form bridging heterobimetallic species that have dramatically different catalytic behavior 
than their monometallic analogues.  
 
3.3. Result and Discussion 
3.3.1. Synthesis and Characterization of Mononuclear and Heterobimetallic 
Complexes 
The 16 electron d8 Ni complexes 3.2-3.4 were synthesized as described in Figure 
3.2. Deprotonation of 3.1 with excess NaH followed by salt metathesis with (tmeda)Ni(o-
tolyl)Cl in the presence of pyridine yields (NON)Ni(o-tolyl)py, 3.2. Protonolysis of 
Ni(C3H7)2 by 3.1 yields (NON)Ni(C3H7), 3.3, although this reaction requires two days and 
excess Ni to proceed to completion. Finally, treatment of 3.1 with NiBr2 yields the 
paramagnetic species, H(NON)NiBr2 (3.4). A similar dibromide complex based on a p-




Figure 3.2. Synthesis of (NON)Ni complexes. 
 
Additionally, a heterobimetallic complex, (NON)Ni(C3H7)ZnBr2 3.5, was 
synthesized by treating 3.3 with ZnBr2. Complex 3.5 is the only heterobimetallic 
organometallic Ni complex on this ligand we have been able to isolate and characterize, 
presumably because of the stability of the methallyl Ni moiety. Interestingly, the 
metallation of 3.3 by ZnBr2 appears to be a slow, two-step process: analysis of the crude 
1H NMR upon mixing 3.3 and ZnBr2 in THF shows a Zn-bound THF unit and broad 
isopropyl methine peaks indicative of slow rotation of the aryl imine arm (Figure 3.3). This 
species is likely an imine-bound ZnBr2 species that has yet to bind to the phenoxy O; upon 
extended reaction time, heating or vacuum, the metallacycle closes to yield the bridged 
bimetallic 3.5. The crystal structure of 3.5 is presented in Figure 3.4. Notably, Ni and Zn 
are both bound in a bidentate fashion by the NON ligand and are bridged by the central 
phenoxide. In order to accommodate such large substituents in the binding pockets, the 
square plane of Ni and the Zn/O/N plane of the Zn tetrahedron are skewed at an 81.5° 





Figure 3.3. Proposed metalation process of 3.3 through a κ1-imine-coordinated 
bimetallic intermediate and stacked 1H NMR spectrum of 3.5 in CDCl3 (a) in the crude 
mixture with THF and (b) titrated with multiple equivalents of THF.   
 
 
Figure 3.4. Thermal ellipsoid plot of 3.5. Selected bond distances (Å): Zn1-O1 2.055(2), 
Zn1-N1 2.046(2), Zn1-Br1 2.343(2), Zn1-Br2 2.343(5), Ni1-O1 1.917(2), Ni1-N2 1.905(2), 




3.3.2. Polymerization Behavior 
The results of ethylene polymerization reactions catalyzed by 3.2 – 3.5 along 
with a control monometallic complex (6-tBu-salicyl(2,6-diisopropylphenyl) 
aldiminato)Ni(o-tolyl)(py), 3.6, are collected in Table 3.1. As expected, only the 
precatalysts with o-tolyl and substituents (3.2 and 3.6) were able to generate high 
Mn polyethylene without activation (Table 3.1 entries 1 and 22), while Ni(methyallyl) 
and NiBr2 precatalysts 3.2–3.5 were inactive (Table 3.1, entries 8, 11, and 19). In 
general, methallyl-substituted Ni complexes are slow to undergo ethylene insertion 
due to the stability of the bidentate methallyl unit, while NiBr2 complexes lack an 
alkyl group for productive insertion to occur. 















1 3.2 - 35 5.1 Monomodal 50.34 13 4.51 












50 9.0 Monomodal 1.38 33 1.64 
5 3.2 ZnCl2(11) 35 7.3 Monomodal 2.04 23 1.98 
6 3.2 ZnCl2(11) 50 5.4 Monomodal 1.38 59 1.80 












50 1.8 Monomodal 1.43 38 1.66 
10 3.4 - 35 0 - - n.a. - 




(0.40) 8.68 1.66 




(2.12) 8.38 1.20 
13 3.4 ZnEt2 (1) 50 19.7 Monomodal 1.29 21 1.73 




The ethylene consumption curve could be monitored by the parallel pressure 
reactor and provide the information about catalyst activation behavior and catalyst 
lifetime (Figure 3.5a). In the presence of ZnBr2, the precatalyst 3.2 not only got 
activated but also decomposed earlier than the runs without ZnBr2, indicating that 
the zinc salt might be able to scavenge pyridine whose dissociation is often the key 
of catalyst activation36, but, at the meantime, serve as the bridge to connect between 
two active species leading to the bimolecular deactivation which generates inactive 
bis(iminophenoxide) Ni species (similar structure to complex 2.9 in Chapter 2). In 
the perspective of molecular weight, the ethylene polymerization at ambient 



























(0.50) 7.77 1.69 












50 1.2 Monomodal 1.52 32 1.55 








50 67.6 Monomodal 3.58 69 2.39 
aPolymerization conditions: [precatalyst] = 1.25 mM in 2 mL of toluene, 100 psi of ethylene, 3 hours. 
Each entry is the average of 3 runs. bDetermined by SEC. Bimodal distributions were deconvoluted by 
LogNormal fitting; ratio = (amplitude of lower Mn peak)/(amplitude of higher Mn peak). cReactions run 
at room temperature without any thermal control. 
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temperature by 3.2 with ZnBr2 gave a bimodal Mn distribution: one mode with 
molecular weights similar to those from polymerizations without activators, and the 
other one with much lower molecular weights (Table 3.1 entries 3 and Figure 3.5b), 
indicating that there are two active species during polymerization. Polymerization 
with 3.2 + ZnBr2 at 50 °C, however, gives only the lower Mw polymer (Table 3.1 
entry 6). 
 
Figure 3.5. (a) ethylene consumption curve of polymerization by 3.2 and (b) the GPC 
trace of bimodal Mw distribution from entry 3 with deconvolution.   
 
Based on the slow metallation with ZnBr2 observed during the synthesis of 
3.5, we postulated that the two active species observed during room temperature 
polymerization were both heterobimetallic. The first potential species 3.7a contains 
Zn bound κ1- to the NON ligand through the free imine arm, while the second species 
contains Zn bound κ2- with the phenoxide bridging between Ni and Zn (Figure 3.6). 
These potential species were examined by DFT analysis (M06/6-31g, SMD toluene 
solvation147-148). Ground state calculations indicate that 3.7b is more stable than 3.7a 
(ΔG(50 °C) = -15.2 kcal/mol), thus, the single active species present at 50 °C is likely 
to be 3.7b. In agreement with this, the less bulky ZnCl2 produces a higher ratio of 
low Mn polymer, indicating that at room temperature there is more κ
2-bound ZnCl2 




Figure 3.6. Differently-coordinated Ni/Zn bimetallics yield different Mn polymers. 
At higher temperature, the thermodynamically favored 3.7b is the main active species.   
 
It was initially counterintuitive that 3.7b is the active species that generates 
low Mn polymer since more electron-poor, sterically encumbered Ni catalysts 
typically generate higher molecular weight polymers as β-H elimination/transfer 
processes are inhibited.94 Thus, we next modeled the bimetallic 14-electron Ni alkyl 
propagating species (M06/6-31g, SMD solvation at 50 °C) (Figure 3.7). Consistent 
with the experimental results wherein the bridged bimetallic gives lower molecular 
weight polymer, β-H elimination for 3.8 is essentially barrierless: attempts to 
optimize the structure of 3.8 led to immediate β-H elimination. Additionally, there 
is minimal free energy difference for Zn-Br to bridge to Ni and displace the resulting 
α-olefin after β-H elimination149 (ΔG° 3.9 to 3.10 = 3.48 kcal/mol). Thus, the 
heterobimetallic species is more likely to undergo chain termination via β-H 
elimination, yielding lower molecular weight polymer than the monometallic 
analogue. Consistent with this, Sun has reported that H(tBuNON)NiBr2 complexes 
activated with excess MAO yield ethylene oligomers.146 Similarly, we have tested 
AlCl3 as the cocatalyst along with precatalyst 3.2 in ethylene polymerization and 
only oligomers have been generated. Thus, assuming treatment with MAO/AlCl3 
generates a Ni/Al heterobimetallic, these results with Al match our experimental and 
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computational results that Lewis acid bridging/coordination promotes chain 
termination. In addition, Jordan has observed increased rates of chain transfer in 
Pd(phosphinesulfonate) catalysts when B(C6F5)3 coordinates to the sulfonate 
oxygen atom.106 This result is also an interesting contrast to our previously-reported 
Ni/Zn system, where a pendent bpy-bound ZnCl2 had zero electronic 
communication with Ni, and instead functioned solely as a bulky axial group that 
inhibits β-H elimination/transfer.36  
 
Figure 3.7. DFT analysis indicates that β-H elimination/chain termination is facile 
from bridging bimetallics.  
 
Unfortunately, ZnBr2 is not capable of activating the Ni methylallyl 
precatalsts, 3.3 and 3.5, even under heating (Table 3.1 entries 8, 9 and 19, 20). This 
may be attributed to the balance between two factors: 1) the Lewis acidic modulation 
which leads to a more electron deficient Ni center and thus a more favorable 
coordination of the η3-methylallyl substituent; 2) Zn-Br could potentially assist in 
the olefin dissociation on Ni and result in an η1-methylallyl substituent which then 
could start the chain propagation. Therefore, the ethylene polymerization was still 
initiated but not as active as the system with preacatalyst 3.2. However, the 
theoretical explanation of the bimodal molecular weight distribution was 
unsuccessful in the case of 3.5 (Table 3.1 entries 19, 20). 
Given Sun’s success with alkylating H(tBuNON)NiBr2 with MAO we were 
led to explore similar reactivity with 3.4 and ZnEt2, anticipating that it would be 
possible to generate an active species similar to 3.2 + ZnBr2 and provide additional 
evidence for bimetallic influences during polymerization. As expected, treatment of 
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3.4 with ZnEt2 led to catalytic activities comparable to those derived from 3.2 or 3.6. 
In these reactions, ZnEt2 likely dehydrohalogenates the acidic Ni-OH and then 
alkylates Ni, yielding a heterobimetallic (NON)Ni(Et)ZnBr2 complex 3.11 (Figure 
3.8). This type of species could be observed by in situ 1H NMR: mixing 
paramagnetic 3.4 with ZnEt2 in CD2Cl2 for 5 minutes yielded a diamagnetic NMR 
spectrum that clearly showed C2H6 (0.93 ppm), a new upfield ethyl group (-0.01 and 
-0.37 ppm) and ligand backbone peaks, especially those two close aldimine peaks, 
that are similar to the authentic heterobimetallic complex 3.5 (Figure 3.8). In the 
absence of ethylene, 3.11 decomposes in less than 15 minutes. 
 
Figure 3.8. Synthesis of a metastable model active species 3.11.  
 
Importantly, polymerizations carried out with 3.4 + ZnEt2—which should 
yield the same active species as 3.2 + ZnBr2—yield virtually identical 
polymerization behavior in terms of molecular weight, dispersity, and (where 
applicable) bimodal weight ratios (Table 3.1 entries 12, 13). Additionally, this route 
to access the heterobimetallic active species allowed for interrogation of the nature 
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of 3.7a: in principle, this species could be a monometallic Ni propagating species, 
or as proposed above, a “dangling” Zn-imine adduct. If 3.7a is a monometallic Ni 
complex, increasing the concentration of ZnBr2 should decrease the concentration 
of 3.7a, giving a larger ratio (Ri) of low Mn polymer to high Mn polymer. Conversely, 
if 3.7a already has Zn coordinated, there should be no change by increasing the 
concentration of ZnBr2. Table 3.1 entries 15 and 17 indicate that there is no change 
in polymerization behavior with added ZnBr2, confirming that 3.7a is likely already 
a bimetallic. Since ZnBr2 is not very soluble in toluene, additional experiments with 
20 equiv THF added to solubilize ZnBr2 were also carried out (Table 3.1, entries 16, 
17) and were consistent with previous results. The reactions with THF also 
demonstrate the stability of the purported bridged heterobimetallic active species 




In conclusion, we have synthesized a series of Ni phenoxydiimine complexes 
that can recruit Zn halides to the second phenoxyiminate pocket. At lower 
temperature, there are two active species with coordinated Zn halides: one with 
ZnX2 bound κ
1- to the NON ligand through the free imine arm, and the second with 
ZnX2 bound κ
2- with the phenoxide bridging between Ni and Zn. The latter species 
yields significantly lower polymer molecular weights, which was supported by the 
DFT calculations that showed that the barrier to β-H elimination/termination is 
dramatically lowered in the bridged system. This result is an intriguing contrast to 
classic ligand design for late transition metal ethylene polymerization catalysts, 
wherein electron withdrawing, sterically encumbered ligands typically yield higher 
activities and molecular weights. Bridging Lewis acidic metals clearly have higher 




3.5. Experimental Sections 
3.5.1. General Materials, Considerations and Instrumentation 
All air- and moisture-sensitive compounds were manipulated in a glovebox 
under a nitrogen atmosphere. All solvents were dried in a Glass Contour Solvent 
System (activated alumina) and liquid reagents were passed through activated basic 
alumina and titrated with a stock solution of Na/benzophenone where compatible to 
ensure dryness. Ultra high purity ethylene (99.9%) was purchased from Airgas, and 
oxygen and water were further removed by using a PUR-Gas In-Line Purifier 
System from Matheson. NiBr2·H2O and ZnBr2 were purchased from Sigma-Aldrich 
and dried at 260 and 180 ℃ respectively under high vacuum line for 24 hours. NaH 
(60 wt% dispersion in mineral oil) was purchased from Sigma-Aldrich and washed 
by hexanes in the glovebox to remove oil prior to use. 2,6-diformylphenol150, Ni(η3-
C4H8)2
132, (tmeda)Ni(o-tolyl)Cl129, (DME)NiBr2
151 were prepared according to 
literature procedure. 
 1H and 13C NMR spectra of ligand and complexes were collected on Bruker 
Avance III HD NanoBay 400 MHz, Bruker Avance III HD 500 MHz, or Varian 
Inova 500 MHz spectrometers. 13C spectra of polyethylene were collected at 100 ℃ 
in d2-1,1,2,2-tetrachloroethane on Agilent/Varian VNMR 600 MHz spectrometer. 
X-ray crystallography was collected on Data collection was carried out on a Bruker 
APEX II CCD diffractometer with a 0.71073 Å Mo Kα source or on a Bruker-AXS 
D8 Venture diffractometer with a 1.54178 Å Cu Kα source. GPC analyses were 
carried out on an Agilent PL-GPC 220 high temperature GPC/SEC system at 135 
℃ in 1,2,4-trichlorobenzene calibrated with polystyrene standards.  
 
3.5.2. Synthetic Procedure 
Synthesis of 2,6-bis(((2,6-diisopropylphenyl)imino)methyl)phenol, C32H40N2O, 
H(NON) (3.1). To a stirring solution of 2,6-diformylphenol (950 mg 6.3 mmol, 1 
equiv.) and formic acid (0.2 mL, 5.3 mmol, 0.84 equiv.) in methanol (100 mL), 2,6-
diisopropylaniline (3.6 mL, 19 mmol, 3 equiv.) was added quickly at ambient 
temperature. After the mixture turned cloudy, the mixture was stirred for another 3 
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hours. The volatiles were removed in vacuo and the precipitate was collected via 
filtration and washed with minimal cold methanol at -78 ℃ to yield bright yellow 
powder of 3.1 (1.81 g, 61% yield). 1H NMR (CDCl3, 500 MHz): δ 13.63 (s, 1H), 8.73 
(br, 1H), 8.40 (br, 2H), 7.55 (br, 1H), 7.21-7.09 (m, 7H), 3.03 (sep, 4H, J = 6.8 Hz), 
1.21 (d, 24H, J = 6.8 Hz) ppm. 13C NMR (CDCl3, 125 MHz): δ166.74, 161.63, 157.47, 
138.31, 135.40, 131.09, 125.53, 124.47, 123.15, 119.10, 28.07, 23.62 ppm. Anal. 
Calcd (%) for C32H40N2O: C, 82.01; H, 8.60; N, 5.98. Found: C, 81.86; H, 8.53; N, 
5.82. 
 
Figure 3.9. 1H NMR spectrum of 3.1 in CDCl3. Taken from JC06060A2. 
 
 
Synthesis of C44H51N3ONi, (NON)Ni(o-tolyl)(py) (3.2). In an inert atmosphere 
glovebox, a mixture of 3.1 (46.8 mg, 0.1 mmol, 1 equiv.) and NaH (10.3 mg, 0.43 
mmol, 4.3 equiv.) in THF (2 mL) was stirred at ambient temperature for 1 hour. The 
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deprotonated ligand solution was then directly filtered into a solution of (tmeda)Ni(o-
tolyl)Cl (30.6 mg, 0.1 mmol, 1 equiv.) and pyridine (30.0 µL, 1.5 mmol, 15 equiv.) in 
THF (3 mL). After being stirred for another 2 hours, the mixture turned into a red 
orange solution, and NaCl precipitation was evident. Volatiles were removed in 
vacuo. The residue was then dissolved in minimal benzene and filtered to collect the 
filtrate. Volatiles of the filtrate were removed in vacuo. The crude product was washed 
with pentane to yield 3.2 as an orange solid (60.8 mg, 87% yield) Regioisomers 
(swapping positions of tolyl and pyridine on Ni) were not separated (88:12). 1H NMR 
(C6D6, 500 MHz): δ 8.85 (s, 1H), 8.74 (dd, 1H, J = 7.5, 1.9 Hz), 8.61 (m, 2H), 7.60 
(s, 1H), 7.13 (s, 1H), 7.08 (dd, 1H, J = 8.5, 6.7 Hz), 7.04 (dd, 1H, J = 7.7, 1.1 Hz), 
7.02-6.99 (m, 3H), 6.95 (t, 1H, J = 7.7 Hz), 6.68 (dd, 1H, J = 7.7, 1.1 Hz), 6.59 (t, 1H, 
J = 7.5 Hz), 6.54 (m, 2H), 6.47 (m, 1H), 6.28 (tt, 1H, J = 7.6, 1.5 Hz), 6.02 (m, 2H), 
4.78 (sep, 1H, J = 6.8 Hz), 3.29 (s, 3H), 3.22 (m, 3H), 1.72 (d, 3H, J = 6.9 Hz), 1.16 
(d, 6H, J = 6.8 Hz), 1.02 (d, 6H, J = 6.8 Hz), 0.98 (d, 3H, J = 6.7 Hz), 0.94 (d, 3H, J = 
6.7 Hz), 0.87 (d, 3H, J = 6.8 Hz) ppm. 13C NMR (C6D6, 125 MHz): δ 167.51, 166.98, 
159.28, 152.05, 151.41, 150.58, 149.35, 143.06, 141.41, 140.19, 138.09, 137.95, 
136.45, 136.38, 133.56, 126.51, 126.19, 123.96, 123.43, 123.41, 123.16, 122.92, 
122.79, 122.66, 122.15, 114.82, 29.33, 28.34, 28.09, 25.83, 25.56, 25.31, 23.75, 23.49, 
23.09, 22.15 ppm. Anal. Calcd (%) for C44H51N3ONi: C, 75.87; H, 7.38; N, 6.03. 




Figure 3.10. 1H NMR spectrum of 3.2 in C6D6. Taken from JC06084B1. 
 
Synthesis of C36H46N2ONi, (NON)Ni(η3-C4H7) (3.3). Free ligand 3.1 (192 mg, 
0.40 mmol, 1 equiv.) and Ni(η3-methallyl)2 (133.5 mg, 0.80 mmol, 2 equiv.) were 
dissolved in benzene (2 mL), and stirred at ambient temperature for 2 days. The 
volatiles were removed in vacuo and the residue triturated with hexanes (5 mL) to 
yield 3.3 as yellow powder that was collected by filtration. (150 mg, 64% yield). 1H 
NMR (CDCl3, 500 MHz): δ 8.80 (s, 1H), 8.30 (d, 1H, J = 7.3 Hz), 7.92 (s, 1H), 7.39-
7.29 (m, 2H), 7.21-7.13 (m, 5H), 6.73 (t, 1H, J = 7.5 Hz), 3.91 (sep, 1H, J = 6.8 Hz), 
3.36 (sep, 2H, J = 6.3 Hz), 3.13 (sep, 1H, J = 6.8 Hz), 2.99 (s, 1H), 2.62 (s, 1H), 2.30 
(s, 3H), 1.46 (s, 1H), 1.37 (d, 6H, J = 4.3 Hz), 1.25-1.20 (m, 16H), 1.08 (d, 3H, J = 
6.8 Hz) ppm. 13C (CDCl3, 125 MHz): δ 166.51, 165.04, 160.61, 152.03, 150.55, 
140.05, 139.10, 138.38, 138.04, 132.46, 128.26, 126.88, 126.38, 123.79, 123.72, 
123.41, 123.06, 120.41, 114.50, 60.73, 50.08, 28.37, 28.01, 25.51, 25.39, 23.92, 
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23.86, 23.07, 23.05, 22.67 ppm. Anal. Calcd (%) for C36H46N2ONi: C, 74.36; H, 
7.97; N, 4.82. Found: C, 74.29; H, 8.02; N, 4.68. 
 
Figure 3.11. 1H NMR spectrum of 3.3 in CDCl3. Taken from JC06067B1. 
 
Synthesis of C32H40N2ONiBr2, H(NON)NiBr2 (3.4). THF (10 mL) was added to a 
mixture of solid NiBr2 (63.1 mg, 0.29 mmol, 1 equiv.) and 3.1 (148 mg, 0.32 mmol, 
1.1 equiv.) at ambient temperature. The mixture was stirred for three days and then 
the volatiles were removed in vacuo. The residue was then dissolved in minimal 
CH2Cl2 and filtered to collect the filtrate. Volatiles were removed in vacuo and the 
precipitate was washed with benzene (5 mL) to yield paramagnetic 3.4 as a dark 
brown yellow powder. (167 mg, 84% yield). X-ray quality brown flowery crystals 
were obtained by layering toluene on the top of CH2Cl2 solution at -30 ℃. 
1H NMR 
(CDCl3, 500 MHz): δ 44.38 (s), 35.66 (s), 25.86 (s), 18.26 (s), 14.94 (s), 13.77 (s), 
12.50 (br), 11.05 (s), 10.04 (s) 6.38 (s), 6.17 (s), 2.62 (s), -0.05 (s), -7.64 (s) ppm. 
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Anal. Calcd (%) for C35H44N2ONi: C, 55.93; H, 5.87; N, 4.08. Found: C, 59.13; H, 
6.06; N, 3.24. 
 
Figure 3.12. 1H NMR spectrum of 3.4 in CDCl3. Taken from JC06069B1. 
 
Figure 3.13. Thermal ellipsoid drawing of 3.4. H atoms (other than on O1) and solvent 




Synthesis of C36H46N2ONiZnBr2, (NON)Ni(η3-C4H7)ZnBr2 (3.5). A mixture of 
3.3 ( 46.8 mg, 0.81 mmol, 1 equiv.) and ZnBr2 (20.8 mg, 0.92 mmol, 1.1 equiv.) in 
THF (2 mL) was stirred overnight at ambient temperature. Volatiles were then 
removed in vacuo and the residue was dissolved in minimal CH2Cl2 and filtered to 
collect the filtrate. Volatiles were removed in vacuo. The orange yellow crude 
product was recrystallized from slow vapor diffusion of pentane into THF to yield 
brown red crystals of 3.5 (57.8 mg, 89% yield) 1H NMR (CDCl3, 500 MHz): δ 8.15 
(s, 1H), 7.98 (s, 1H), 7.53 (t, 2H, J = 6.1 Hz), 7.29-7.19 (m, 6H), 7.08 (t, 1H, J = 7.6 
Hz), 3.81 (s, 1H), 3.61 (sep, 1H, J = 6.7 Hz), 3.50 (sep, 1H, J = 6.7 Hz), 3.22 (sep, 
1H, J = 6.9 Hz), 3.13 (sep, 1H, J = 6.9 Hz), 2.47 (s, 1H), 2.43 (s, 3H), 1.79 (s, 1H), 
1.63 (s, 1H), 1.55 (d, 3H, J = 6.8 Hz), 1.36 (d, 3H, J = 6.8 Hz), 1.33 (d, 3H, J = 6.8 
Hz), 1.29-1.27 (m, 6H), 1.16 (d, 3H, J = 6.8 Hz), 1.14 (d, 3H, J = 6.8 Hz), 1.10 (d, 
3H, 6.9 Hz) ppm. 13C (CDCl3, 125 MHz): δ 169.63, 165.69, 164.10, 149.75, 144.62, 
140.69, 140.10, 139.89, 139.78, 138.92, 130.39, 127.56, 127.32, 125.28, 124.70, 
124.10, 123.90, 123.79, 118.86, 59.09, 53.44, 28.71, 28.60, 28.42, 28.40, 25.78, 
25.33, 24.84, 24.11, 23.47, 23.37, 22.88, 22.52 ppm. Anal. Calcd (%) for C36H46N2-




Figure 3.14. 1H NMR spectrum of 3.5 in CDCl3. Taken from JC06135B3. 
 
Re-addition of THF to complex 3.5 (Figure 3.3 taken from JC06150). 
A mixture of 3.3 (46.8 mg, 0.81 mmol, 1 equiv.) and ZnBr2 (20.8 mg, 0.92 mmol, 
1.1 equiv.) in THF (2 mL) was stirred overnight at ambient temperature. Volatiles 
were then removed in vacuo. The residual was dissolved in CDCl3 and filtered prior 
to the 1H NMR experiment (Figure 3.3a). Volatiles were again removed in vacuo 
and the dryness was tracked by 1H NMR to ensure the removal of THF. After getting 
the clean spectrum without any THF, one drop of THF was directly added to the 
NMR solution followed by another 1H NMR experiment (Figure 3.3b).   
 
NMR reaction between complex 3.4 and ZnEt2 (Figure 3.8 taken from 
JC06125A). 
To a solution of 3.4 (6.8 mg, 0.01 mmol, 1 equiv.) in CD2Cl2 (0.4 mL) in an NMR 
tube in a N2-filled glovebox, ZnEt2 (1.0 µL, 0.01 mmol, 1 equiv.) was added along 
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the NMR tube wall. After being brought out of the glovebox, the NMR tube was 
cooled down in a LN2 bath to prevent reaction. The NMR tube was warmed back up 
to ambient temperature and shaken to mix the reactants right before NMR data 
collection.  
 
3.5.3. X-ray Crystal Data: General Procedure 
Crystals were removed quickly from a scintillation vial to a microscope slide 
coated with paraffin oil. Samples were selected and mounted on the tip of a 0.1 mm 
diameter glass capillary. The structures were solved by direct methods. All non-
hydrogen atoms were refined anisotropically. All non-hydrogen atoms were refined 
anisotropically with the exception of the OH proton in 3.4 which was placed with 
residual electron density and found to be bound to the free imine. Additionally, in 
3.4, the NiBr2 moiety was modelled over the two positions in the ligand.  In 3.5, Br1 
was modelled over two positions.  A disordered pentane molecule in 3.4 was removed 
from the unit cell using Platon SQUEEZE12. Refined data details and cell parameters 
are available in Table 3.2. 
 
Table 3.2. Crystal and refinement data for complexes 3.4 and 3.5. 
 3.4 3.5 





Formula weight 779.28 806.65 
T (K) 123 124 
a, Å 14.2254(4) 47.250(3) 
b, Å 15.6563(5) 10.7808(6) 
c, Å 18.0121(5) 15.9557(10) 
α, deg 90 90 
β, deg 111.534(1) 107.470(2) 
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, deg 90 90 
Volume, Å3 3731.59(19) 7752.8(8) 
Z 4 8 
Crystal System Monoclinic Monoclinic 
Space Group P21/c C2/c 
dcalc, g/cm
3 1.387 1.382 
θ Range, deg 2.599 - 28.25 2.276 - 3.489 
µ, mm-1 2.693 3.193 
Abs. Correction MULTI-SCAN MULTI-SCAN 
GOF 1.037 1.066 
R1
 ,a  0.0444 0.0321 
wR2
 b [I>2σ(I)] 0.0940 0.0844 
a R1 = ∑||Fo| - |Fc||/∑|Fo|.  





3.5.4. General Polymerization 
All polymerization reactions were carried out in a Biotage Endeavor parallel 
pressure reactor with overhead stirring housed in a N2 atmosphere glovebox. After 
ZnBr2 was pre-weighed into the reaction vessels, the polymerization reactions were 
submitted in two batch methods (with or without metal alkyl activators) and then 
run under the desired conditions for three hours. 
Method A with metal alkyls: Catalysts were dissolved in 1 mL of toluene in the 
reactor vessels. After the reactor was sealed, heated to desired temperature and 
pressurized to 100 psi of ethylene, 0.1-0.2 mL of ZnEt2 stock solution (0.025M 
toluene solution) was injected through the ball valve ports followed by a toluene 
rinse to a total volume of 2 mL. 
Method B without metal alkyls: Catalysts were dissolved in 2 mL of toluene in the 
reactor vessels. Afterwards, the reactor was sealed, heated to desired temperature 
and pressurized to 100 psi of ethylene.  
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Once the reactions were finished, the reactor was depressurized and purged 
with N2 gas, and then the vessels were removed from the glovebox. Reactions were 
quenched by 1 mL of 1M HCl methanol solution. If polymers were yielded, 3 mL 
of acetone would be added to precipitate out the polymer, which were filtered to be 
collected and dried in vacuo prior to analysis by GPC and 1H NMR.   
 
Figure 3.15. Representative overlapping molecular weight distribution of polyethylene 
made with 3.2 at 35 ℃ with 11 equiv. ZnBr2 in three runs (Table 3.1, entry 3). Taken from 
JC06141A5. 
 
Table 3.3. Representative GPC trace deconvolution of the polyethylene made with 3.2 at 




Location Height Area FWHM 
Fit function parameters 


































































































Figure 3.16. Representative 1H NMR spectrum of polyethylene in tetrachloroethane-D2 
at 100 ℃ of the polyethylene made with 3.2 at 35 ℃ with 11 equiv. ZnBr2 (Table 3.1, entry 






Table 3.4. Other GPC traces and 13C NMR spectra of polymers in Table 3.1. 
Entry Number Notebook Page Entry Number Notebook Page 
1 JC06111A8 14 JC06145A2 
2 JC06139A8 15 JC06146A3 
4 JC06142A8 16 JC06145A4 
5 JC06119A4 17 JC06145A6 
6 JC06119A8 19 JC06156A8 
8 JC06153A2 20 JC06151A4 
9 JC06140A7 21 JC06143A2 
11 JC06137A5 22 JC06142A3 
12 JC06154A2 23 JC06143A5 
13 JC06147A2   
  
3.5.5. Computational Results 
Density functional theory calculations were perfomed using Gaussian 09 package 
(M06, 6-31g). All gometries were optimzed to obtain a stationary point with minimum 
energy representing their ground state energies. The calculations were performed at 50 °C 
using toluene as a solvent. The solvent effects on the complexes were calculated using 
SMD (Solvation Model based on Density). The optimized geometries and their respective 
cartesian coordinates are shown below. Images and cartesian coordinates of the optimized 
geometries were obtained using chemcraft. 
 




Figure 3.18. Optimized M06/6-31g/auto cartesian geometry for lowest energy of 3.7b. 
 
Figure 3.19. Optimized M06/6-31g/auto cartesian geometry for lowest energy of 3.9. 
 





Trimethylsilyl-Protected Alkynes as Selective Cross Coupling Partners in Ti-
Catalyzed [2+2+1] Pyrrole Synthesis 
Reproduced in part with permission from: 
 












Trimethylsilyl (TMS)-protected alkynes served as selective alkyne cross-coupling 
partners in titanium-catalyzed [2+2+1] pyrrole synthesis. Reactions of TMS-protected 
alkynes with internal alkynes and azobenzene under the catalysis of titanium imido 
complexes yielded pentasubstituted 2-TMS-pyrroles with greater than 90% selectivity over 
the other nine possible pyrrole products. The steric and electronic effects of the TMS group 
were both identified to play key roles in this highly selective pyrrole synthesis. This 
strategy provides a convenient method to synthesize multisubstituted pyrroles as well as 
an entry point for further pyrrole diversification through facile modification of the resulting 
2-silyl pyrrole products, as demonstrated through a short formal synthesis of the marine 
natural product lamellarin R. 
 
4.2. Introduction 
Pyrroles are molecules of interest in a variety of fields, including 
pharmaceuticals,152 natural products,153 dyes154 and materials.155 Even though there are 
many well-developed methods for the synthesis of pyrroles, the efficient synthesis of 
multisubstituted pyrroles is still challenging. For example the Paal-Knorr condensation of 
primary amines with 1,4-diketones and related cyclization reactions require extensive 
preconstruction of the carbon backbone and often have limited substitution patterns.152, 156 
Multicomponent reactions that can circumvent complex precursor synthesis typically 
require very specific functional groups or substitution patterns.49, 157 For example, many 
formal [3+2], [2+2+1], and related multicomponent cycloadditions necessitate electron-
withdrawing substituents on the pyrrole,49, 157-168 or are limited to the synthesis of mono-, 
di-, or trisubstituted pyrrole products.49, 169-174 
Recently, we demonstrated an atom economical method to synthesize 
pentasubstituted pyrroles from simple alkynes and azobenzene via a Ti-catalyzed formal 
[2+2+1] reaction (Figure 4.1, top).55, 175-176 However, our initial report was limited to the 
homocoupling of alkynes, and unsymmetric alkynes yielded poor, substrate-controlled 
regioselectivity. Regioselectivity in other intermolecular [2+2+1] reactions such as the 
Pauson-Khand reaction is often difficult to achieve in the absence of clear stereoelectronic 
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differentiation of alkyne substituents, and remains a siginficant synthetic challenge.65, 80-82 
In an effort to design more useful and practical pyrrole syntheses, we have explored several 
routes to the chemo- and regioselective heterocoupling of alkynes in the [2+2+1] reaction 
to yield highly substituted pyrroles.  Herein, we report that silyl-protected alkynes serve as 
excellent heterocoupling partners, yielding pentasubstituted N-aryl pyrroles in high chemo- 
and regioselectivity (Figure 4.1, bottom). This reaction provides a versatile and simple 
platform for the construction of highly substituted pyrroles, as well as an entry point into 
further pyrrole diversification through facile modification of the resulting 2-silylpyrrole 
products. 
 
Figure 4.1. General equations of Ti-catalyzed pyrrole formation. 
 
4.3. Result and Discussion 
4.3.1. Investigation of the Potential Coupling Partner  
In the course of our studies, we have found that TMS-phenylacetylene (4.1a) is 
incapable of productive [2+2+1] reactivity. Attempted hydroamination of 4.1a with 
[(py2TiCl2NPh]2 and PhNH2, which should proceed through [2+2] cycloaddition of the 
alkyne to the Ti=NPh imido, resulted in no product formation indicating that 4.1a is 
incapable of facile [2+2] addition with simple Ti imido halides (Figure 4.2, top). Thus, we 
hypothesized that they may be suitable cross-coupling partners with other alkynes that are 
capable of [2+2] cycloaddition. To test this hypothesis, we ran the reaction of 4.1a with 1-
phenyl-1-propyne (4.2a), and found that it gave remarkably chemo- and regioselective 
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cross coupling of the two alkyne partners (Figure 4.2, bottom). This model reaction was 
optimized to achieve the highest yield of the crossover pyrrole and its overall selectivity 
among all homocoupled and crossover products (Table 4.1). Selectivies are fairly good 
with a 1:1 ratio of 4.1a:4.2a, but we chose to use 2 equivalents of 4.1a in order to simplify 
byproduct separation. 
 
Figure 4.2. Failed [2+2] cycloaddition of 4.1a (top) led to the exploration of its use as a 
partner in selective heterocoupling reactions (bottom). 
 
Table 4.1. Optimization of the reaction Conditions. 
 









1b [(py)2TiCl2(NPh)]2 100 1 75 83 
2 [(py)2TiCl2(NPh)]2 115 1 76 85 
3 [(py)2TiCl2(NPh)]2 130 1 73 85 
4 (THF)3TiI2(NPh) 115 1 44c 84 
5 [(py)2TiCl2(NPh)]2 115 1.5 82 90 
6 [(py)2TiCl2(NPh)]2 115 2 91 91 
7 [(py)2TiCl2(NPh)]2 115 3 95 96 
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aYield and selectivity are based on PhNNPh; bThe reaction was run up to 16 hours to finish; 
cSignificant amount of trimerization products. 
 
4.3.2. Substrate Scope of TMS-Protected Alkynes 
Under the optimized reaction conditions, the substrate scope was investigated.  First, 
a suite of TMS-protected aryl alkynes were reacted with 4.2a (Table 4.2). All pyrroles were 
isolated after hydrolysis of the TMS group, giving 4.3aa-4.3ra as the major regioisomer in 
almost all cases. Most aryl TMS acetylenes give exceptionally high yields and selectivies, 
typically above 90%. There is no electronic effect on yield or selectivity (4.3aa-4.3fa, 
4.3ja-4.3la), while sterically encumbered substrates such as 4.1i are more difficult to insert, 
leading to more homocoupling of 4.2a and slightly lowered yield/selectivity of the desired 
4.3ia. The reaction shows reasonably broad functional group tolerance, including aryl 
halides (4.3ca, 4.3da) and some Lewis basic groups (4.3ea-4.3ga; 4.3la, 4.3ma’), although 
aryl nitriles and carbonyl derivatives (a ketone, ester, and amide) arrested catalysis. 
In addition to aryl alkynes, TMS-protected alkyl alkynes (4.3na-4.3pa) all perform 
well in highly cross selective pyrrole formation (4.3na-4.3op), although sterically 
encumbered tert-butyl groups (4.3qa) do not participate in catalysis and yield only 
homocoupled 4.2a. Notably, conjugated enynes (4.3pa) are tolerated in catalysis, providing 
an additional functional handle on the resulting pyrrole.  TMS2C2 (4.1r) is also a competent 
cross coupling partner, yielding 4.3aa on workup.  
Other silyl groups are also competent for heterocoupling. Silyloxy groups (4.1t) 
effectively yield cross product 4.3oa. The slightly larger TBDMS-protected alkyne 4.1u 
also couples effectively to form 4.3aa upon workup, but the very bulky TIPS-protected 
alkyne 4.1v fails to engage in cross coupling.  The TBDMS group provides a more stable 
silylpyrrole than the TMS group, while the Si(OMe)3 group provides additional synthetic 






Table 4.2. Scope of coupling partners with 1-phenyl-1-propyne (4.2a).a 
 
a0.5 mmol (1.1 eq) 1-phenyl-1-propyne (4.2a), 1.0 mmol 4.1 (2.2 eq.), 0.225 mmol PhNNPh (0.5 eq.) and 
0.025 mmol [py2Cl2TiNPh]2 (0.05 eq.)) in 2.5 mL CF3Ph heated for 3 hours. Reactions were quenched 
with 2M HCl in MeOH to remove the silyl group. bIsolated yield of 4.3 based on PhNNPh. cSelectivity 
against all possible pyrroles; d1.5 h. e1 equiv. of 4.1; f4 h. g24 h. h5 h. 
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4.3.3. Study of Regio- and Chemoselectivity 
The origins of regio- and chemoselectivity in these heterocoupling reactions are 
derived mainly from electronic factors of both alkyne partners (Figure 4.3). 
Regioselectivity in [2+2] cycloaddition of phenylpropyne derivatives with Ti=NPh is 
driven primarily by the electronics of the metallacyclic transition state (Figure 4.3, TS1) 
where the + is better stabilized by CH3. This electronically-driven regioselectivity is also 
seen in py3TiCl2(NPh)-catalyzed hydroamination, where N,1-diphenylpropan-2-imine is 
the sole product resulting from metallacycle INT1.59, 182  
 
Figure 4.3. General mechanism and proposed origins of selectivity in cross-selective 
[2+2+1] pyrrole synthesis.  
 
The chemoselectivity of alkyne insertion into the Ti-C bond of the 
azametallacyclobutadiene intermediate INT1 is driven by alkyne coordination to Ti. 
Electron-rich alkynes are better ligands to TiIV Lewis acids, and as such the electron-rich 
TMS-alkynes effectively outcompete other alkynes in binding and subsequently inserting 
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into the metallacycle via TS2 (Figure 4.3). This can be observed in reactions of the series 
of para-substituted phenylpropynes (Table 4.3, products 4.3ab-ae) where alkynes with 
more electron-donating groups competed more effectively with TMSCCR, resulting in 
more homocoupled arylpropyne products and thus overall lower selectivity. Further 
evidence for alkyne electronics/binding driving 2nd insertion selectivity can be seen in the 
competition experiment where the more electron rich p-substituted TMS aryl alkyne 4.1f 
outcompetes the electron deficient alkyne 4.1b by 2:1 (Figure 4.4).  
 
Figure 4.4. Competition between electronically differentiated TMS-protected alkynes 
favors reaction of electron rich alkynes. 
 
Regioselectivity of TMS-alkyne insertion is likely driven by the α-silyl effect, 
where the α-SiMe3 moiety stabilizes 
- buildup during insertion (Figure 4.3, TS2), favoring 
the metallacycle that places SiMe3 on the α-C. Similar effects have been observed in the 
hydroboration of silyl alkynes183-184 and the reactivity of group 4 metal alkyne 
complexes.185-190  
This α-silyl effect on group 4 transition metals has been reported over a few decades. 
Hoffman has first predicted the structure of the 5-membered metallacycle that is composed 
of a transition metal, TMS-protected alkyne, and another terminal alkyne has a bonding 
between the metal and α-C with SiMe3 based on the molecular orbital calculation.
185 As 
predicted, Erker demonstrated a selective formation of zirconacyclopentadiene 4.5 
composed of zirconocene and two equivalents of TMS-phenylacetylene with both SiMe3 
on the α-C’s (Figure 4.5).191 It is proposed that this 5-membered metallacycle could go 




phenylacetylene) 4.6 that could be trapped by various electrophiles and isolated. All these 
reactions of in situ generated Cp2Zr(η
2-TMS-phenylacetylene) 4.6 performed selective 
product formation where the reaction all occurred at the Zr-C bond attached to the phenyl 
group, indicating the Zr-C(SiMe)3 bond is more thermodynamically stable (Figure 4.5, 4.7-
4.9).192  
Similarly, Rosenthal also reported the reaction of (THF)Cp2Zr(η
2-TMS-tert-
butylacetylene) and acetone. They found, in some cases, it is kinetically favorable to insert 
acetone into the Zr-C bond attached to Si and then this zirconadihydrofuran product would 
slowly rearrange to the thermodynamically favored α-TMS product in few days (similar 




phenylacetylene) and the insertion only occurred at the Zr-C bond attached to the phenyl 
group.189 In the case of Ti, which is more relevant to our chemistry, analog reactivities have 
been seen when the reaction was reversible.193 There are some regioselective coupling 
reactions of TMS-protected alkynes via Ti-meditated reactions reported to construct 
complicated organic molecules.194-197 All these examples have shown that group IV metal-




Figure 4.5. Regioselective reactions of Cp2Zr(η
2-TMS-phenylacetylene) and various 
electrophiles derived from α-SiMe3 effect. 
 
In the perspective of bond formation, the hydroboration of TMS-protected alkynes 
performed nonconventional regioselectivity across the carbon-carbon triple bond, where 
the C-B fond was formed at the α position to the Si. In general, the hydroboration of carbon-
based terminal alkene/alkyne yields anti-Markovnikov products because of the electronic 
effect.198-199  When a trialkyl silyl group is directly attached to alkene/alkyne groups, like 
vinyltrimethylsilane and ethynyltrimethylsilane, there would be a ratio of 87% for the 
oxidation selectively occurring on the carbon attached to α-Si, resulting in Markovnikov 
products (Figure 4.6).183-184 It is proposed that the partially negative charge buildup on the 
α-C of transition state 4.10 could be induced from the α-SiMe3 moiety and have a lower 
kinetic barrier than the other pathway which leads to anti-Markovnikov products. These 
two above-mentioned observations can be considered as the reason why in our chemistry 
the insertion of TMS-protected alkynes has excellent regioselectivity in forming Ti-C bond 
attached to the α-Si.   
 
Figure 4.6. Regioselective hydroboration of TMS-acetylene with α-SiMe3 effect. 
 
4.3.4. Preliminary Observation of Directing Group Effects on Alkyne Insertions 
Directing group effects are observable in reactions with (2-methoxy)phenyl-TMS-
acetylene (4.1g) and pyridin-2-yl-TMS-acetylene (4.1m). 1g gives significant amounts of 
the 4.3ga’ regioisomer, and for 4.1m, 4.3ma’ is almost exclusively formed, likely because 
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coordination of the TMS alkyne to Ti via the OMe or 2-pyridyl groups would enforce the 
opposite insertion of the TMS-alkyne into the azametallacyclobutene [2+2] intermediate 
(Figure 4.7). Interestingly, the thiophenyl derivative 1l does not show a directing effect, 
presumably due to the hard/soft Ti/S mismatch making thiophenes weaker donors to Ti. 
This directing group effect on the selectivity of alkyne insertion will be further discussed 
in Chapter 5.   
 
Figure 4.7. Lewis basic groups change the selectivity of 2nd alkyne insertion through 
directing effects. 
 
4.3.5. Substrate Scope of Internal Alkynes 
Next, different [2+2] alkyne partners were tested with 4.1a and 4.1o (Table 4.3). 
Unlike modifications to the TMS-protected alkynes, electronic and steric modification of 
the [2+2] alkyne partner alters the reaction selectivity. For example, electron-donating 
phenylpropyne derivatives (4.3ad, 4.3od, 4.3ae, 4.3oe).  decrease the yield and 
chemoselectivity of second insertion, resulting from an increase in the formation of 
homocoupled arylpropyne pyrroles. This highlights the importance of alkyne 
precoordination during the alkyne 1,2 insertion step, where now the electron-donating 
arylpropyne can more effectively compete with the electron-rich TMS-protected alkynes. 
Consistent with this, reaction of 2-methoxyphenyl propyne (4.2f), which can precoordinate 
to Ti through the ether moiety, leads predominantly to homocoupling of 4.2f instead of 
heterocoupled 4.3af.  
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Ortho-steric hindrance on aryl propynes (4.3ag-ai, 4.3og-oi) significantly lessens 
conversion and regioselectivity of [2+2] cycloaddition. Prolonged reaction time does not 
increase conversion, indicating catalyst death in these cases. It is proposed that the 
increased steric bulkiness could hinder the consecutive alkyne insertion, so it would be 
more kinetically favorable to insert the second alkyne from the another regioisomeric [2+2] 
intermediate (Figure 4.8).  
 
Figure 4.8. Steric effects on the regioselectivity of [2+2] intermediates. 
 





a0.5 mmol (1.1 eq) 4.2, 1.0 mmol 4.1a or 4.1n (2.2 eq.), 0.225 mmol PhNNPh (0.5 eq.) and 0.025 mmol 
[py2Cl2TiNPh]2 (0.05 eq.)) in 2.5 mL CF3Ph heated for 1.5 or 3 hours.  bIsolated yield of 4.3 based on 
PhNNPh. GC yields in parenthesis. cSelectivity against all possible pyrroles. d48 h. e24 h. f6 h. 
g(THF)3I2TiNPh (10 mol %) used as catalyst. h4 h.  
 
Differing aromatic substituents (4.3ai, 4.3oi, 4.3ak, 4.3ok) are also tolerated, 
although now pyridine substitution (4.3al and 4.3ol) completely inhibits catalysis through 
coordination to Ti. Longer alkyl substituents (4.3am, 4.3om) also work well, but bulkier 
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isopropyl substituents (4.3an, 4.3on) do not undergo facile [2+2] cycloaddition. Reactions 
of unactivated dialkyl/diaryl internal alkynes (4.3ao-4.3ar, 4.3oo-4.3or) require the more 
Lewis acidic (THF)3I2TiNPh. However, alkynes with little electronic differentiation, like 
4-methyl-2-pentyne (4.3ar, 4.3or), yield products of unselective [2+2] cycloaddition, and 
bulky internal alkynes (4.3as, 4.3os) are unreactive. 
 
4.3.6. Post-functionalization of Silyl Pyrroles 
The advantage of the silyl directing group is its ability to be functionalized after 
reaction. Although poor partners for cross coupling reactions, 2-TMS pyrroles can undergo 
facile electrophilic aromatic substitution. For example, NBS substitution of the TMS group 
yields bromopyrroles in high yield, which provides a versatile handle for further pyrrole 
functionalization (Figure 4.9, top).  
Furthermore, this alkyne heterocoupling strategy can provide facile access to the 
pyrrole core of lamellarins, a class of marine natural products. We have completed a short 
formal synthesis of lamellarin R. In situ benzylic oxidation of 4.13wd with 2-
iodoxybenzoic acid (IBX) (4.13wd was generated from the [2+2+1] coupling of 4.1w, 4.2d 
and 4,4’-azodianisole) yields 4.14wd, which can then be deprotected by 
tetrabutylammonium fluoride and water to the aldehyde 4.15wd, intersecting a previous 




Figure 4.9. Further elaboration of TMS pyrroles. Top: bromination of 2-TMS-pyrroles. 
Bottom: formal synthesis of lamellarin R. 
 
4.4. Conclusion 
In summary, we have found that we can exploit the electronic properties of silyl-
substituted alkynes to perform highly chemo- and regioselective [2+2+1] heterocoupling 
reactions to form pyrroles. The products, 2-silyl pyrroles, can be further functionalized and 
provide access to a large range of tetra- and pentasubstituted pyrroles, yielding diverse N-
arylated pyrroles that map onto several natural product cores. Going forward, we plan to 
exploit this and related types of electronic control to further advance chemo- and 




4.5. Experimental Sections 
4.5.1. General Materials, Considerations and Instrumentation 
All air- and moisture-sensitive compounds were manipulated in a glovebox 
under a nitrogen atmosphere. The solvent, PhCF3, predried in a Glass Contour 
Solvent System was passed through activated basic alumina before being used. All 
liquid reagents were freeze pump-thawed three times, brought into the glovebox, 
passed through activated basic alumina and checked with 1H NMR in CDCl3 to 
ensure the dryness. 2-iodoxybenzoic acid (IBX)201 and (E)-1,2-bis(4-
methoxyphenyl)diazene55 were prepared according to the reported procedure. 4.1b, 
4.1c, 4.1d, 4.1f, 4.1m, 4.1p, 4.1q, 4.1r and 4.2a were purchased from Sigma-
Aldrich. GC chromatographs were collected on Agilent 7890B GC system equipped 
with the HP-5 column (30m, 0.32 mm, 0.25 µm, 7 inch cage), an oxidation-
methanation reactor (Polyarc® System, Activated Research Company) and a FID 
detector for quantitative carbon detection.202-203 1H, 13C, 1H-15N HMBC, NOESY, 
and No-D 1H NMR spectra were collected on Bruker Avance III HD NanoBay 400 
MHz, Bruker Avance III HD 500 MHz, or Varian Inova 500 MHz spectrometers. 
Chemical shifts are reported with references of residual protio-solvent impurity: 1H 
(s, 7.16 ppm for C6D5H; s, 7.27 for ppm CHCl3; t, 5.31 for CHDCl2), 
13C (t, 128.39 
ppm for C6D6; t, 77.23 ppm for CDCl3; p, 54.00 ppm for CD2Cl2). No-D NMR 
spectrum were referenced to the proton signal of triphenylmethane (Ph3CH, ppm = 
5.0) at a delay time = 27 s and acquisition time = 3 s.   
 
4.5.2. Hydroamination of Trimethyl(phenylethynyl)silane (4.1a) with Aniline 
 
To an NMR tube was added 0.1 mmol trimethyl(phenylethynyl)silane (4.1a) 
(1 eq.), 0.1 mmol aniline (1 eq.), 0.01 mmol [py2Cl2TiNPh]2 (0.1 eq.) and 0.5 mL 
trifluorotoluene. The reaction was then sealed and heated at 115 ℃ for 16 h. The 1H 
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NMR spectra of the mixture were taken before and after heating and compared to each 
other (Figure 5.10). No obvious reaction has occurred after heating.   
 
Figure 4.10. No-D 1H NMR of attempted hydroamination between aniline and 
trimethyl(phenylethynyl)silane (a) before heating and (b) after heating. Taken in 
PhCF3. Take from JC08067A. 
 
4.5.3. Reaction Condition Optimization (Table 4.1) 
To an NMR tube was added 0.01 mmol catalyst (absolute quantity of 
titanium, 0.1 eq.), 0.045 mmol azobenzene (0.45 eq.), 0.02 mmol triphenylmethane 
(0.2 eq.), 0.1-0.3 mmol trimethyl(phenylethynyl)silane (4.1a) (1-3 eq.), 0.1 mmol 1-
phenyl-1-propyne (4.2a) (1 eq.), and 0.5 mL trifluorotoluene. The reaction was then 
sealed, heated at the desired temperature, monitored by no-D 1H NMR until 
azobenzene was fully consumed. Afterwards, an aliquot of sample was analyzed by 
GC-FID for the yield and overall selectivity for 4.3aa. The data is collected in Table 
5.1 and saved in JC08024, JC08026, JC08031, and JC08048. General equations used 
to calculated the yield and selectivity are:  % 𝑦𝑖𝑒𝑙𝑑 =
[𝟒.𝟑𝐚𝐚]
[PhNNPh]







4.5.4. Catalyst Synthesis 
[(py)2TiCl2(NPh)]2 was synthesized by following the reported procedure.
204 
The synthesis of (THF)3TiI2(NPh) is adopted from the synthesis of (THF)3TiI2(N(p-
tolyl)) using PhN(TMS)2 instead of (p-tolyl)N(TMS)2.
204 1H NMR (400 MHz, 
CDCl3): δ 7.08-7.02 (m, 4H), 6.85 (tt, 
5JHH = 2.1, 
3JHH = 6.7 Hz, 1H), 4.53 (br, 8H), 
3.80 (br, 4H), 2.12 (br 8H), 1.86 (br, 4H) ppm. 13C NMR (100 MHz, CDCl3): δ 
161.51, 128.29, 123.86, 123.66, 76.68 (br), 68.74 (br), 25.51 (br) ppm. Taken from 
JC08039B. 
 
4.5.5. Substrate Synthesis 
General Procedure for Alkynyl Trimethylsilanes 4.1 
 
Terminal alkyne (30 mmol) was deprotonated in dry THF (20 mL) by n-BuLi 
solution (2.5 M, 12.6 mL, 31.5 mmol, 1.05 eq.) slowly at -78 ℃ under nitrogen. 
After the slow addition, the mixture was allowed to warm up to ambient temperature 
for 30 minutes. To the mixture, chlorotrialkylsilane (33 mmol, 1.1 eq.) was added at 
-78 ℃ under nitrogen. The reaction was stirred overnight at ambient temperature 
and quenched with saturated NH4Cl solution then extracted with hexanes (30 mL x 
3). The mixture was concentrated and the residue was distilled under reduced 
pressure to yield the pure product.  
trimethyl(phenylethynyl)silane (4.1a) colorless oil, 94% yield, 1H NMR (CDCl3, 
500 MHz): δ 7.48-7.46 (m, 2H), 7.31-7.26(br, 3H), 0.26 (s, 9H) ppm. Spectral data 
was consistent with literature values.205 Taken from JC08032A. 
(Hex-1-yn-1-yl)trimethylsilane (4.1o) colorless oil, 96% yield, 1H NMR (CDCl3, 
500 MHz): δ 2.23 (t, 3JHH = 7.1 Hz, 2H), 1.54 (m, 2H), 1.41 (m, 2H), 0.91 (t, 
3JHH = 
7.4 Hz, 3H), 0.15 (s, 9H) ppm. Spectral data was consistent with literature values.206 
Taken from JC08034A. 
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Trimethyl(3-methylbut-3-en-1-yn-1-yl)silane (4.1p) colorless oil, 25% yield, 1H 
NMR (CDCl3, 500 MHz): δ 5.35 (m, 1H), 5.25 (m, 1H), 1.89 (s, 3H), 0.20 (s, 9H) 
ppm. Spectral data was consistent with literature values.207 Taken from JC08046B. 
Hex-1-yn-1-yltrimethoxysilane (4.1t) colorless oil, 43% yield, 1H NMR (CDCl3, 400 
MHz): δ 3.52 (s, 9H), 2.21 (t, 3JHH = 7.0 Hz, 2H), 1.47 (m, 2H), 1.38 (m, 2H), 0.85 
(t, 3JHH = 7.2 Hz, 3H) ppm. Spectral data was consistent with literature values.
208 
Taken from JC08083A. 
tert-Butyldimethyl(phenylethynyl)silane (4.1u) colorless oil, 75% yield, 1H NMR 
(CDCl3, 500 MHz): δ 7.48-7.46 (m, 2H), 7.31-7.27 (m, 3H), 1.00 (s, 9H), 0.18 (s, 
6H) ppm. Spectral data was consistent with literature values.209 Taken from 
JC08098A. 
Triisopropyl(phenylethynyl)silane (4.1v) colorless oil, 62% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.51-7.49 (m, 2H), 7.33-7.32 (m, 3H), 1.16 (s, 21H) ppm. 
Spectral data was consistent with literature values.210 Taken from JC08070A. 
tert-Butyl((4-methoxyphenyl)ethynyl) dimethylsilane (4.1w) white solid, 66% 
yield, 1H NMR (CDCl3, 500 MHz): δ 7.41 (d, 
3JHH = 8.8 Hz, 2H), 6.82 (d, 
3JHH = 
8.7 Hz, 2H), 3.81 (s, 3H), 1.00 (s, 9H), 0.18 (s, 6H) ppm. Spectral data was consistent 
with literature values.211 Taken from JC08106B. 
 
General Procedure for (Trimethylsilyl)ethynyl Arenes 
 
Aryl bromide or iodide (10 mmol, 1 eq.) was added to a 100 mL Schlenk 
flask with CuI (19 mg, 0.1 mmol, 0.01 eq.) and Pd(PPh3)2Cl2 (35 mg, 0.05 mmol, 
0.005 eq.). Diisopropylamine (50 mL) was charged under nitrogen and the mixture 
was degassed for 3 times. Ethynyltrimethylsilane (22 mmol, 1.1 eq.) was added via 
syringes. The reaction was stirred overnight under refluxing (aryl bromide) or at 
ambient temperature (aryl iodide), and monitored by 1H NMR to ensure all the aryl 
halides were consumed. If there were any unreacted aryl halides, extra amount of 
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ethynyltrimethylsilane would be added. After completed reactions, the mixture was 
filtered through frits and the filtrate was collected and concentrated. The residue was 
purified by a flash alumina plug eluted by hexanes and then distilled under reduced 
pressure or recrystalized from cold methanol to yield the desired products. 
((4-Bromophenyl)ethynyl)trimethylsilane (4.1d) pale yellow solid, 37% yield, 1H 
NMR (CDCl3, 500 MHz): δ 7.43 (d, 
3JHH = 8.6 Hz, 2H), 7.32 (d, 
3JHH = 8.6 Hz, 2H), 
0.24 (s, 9H) ppm. Spectral data was consistent with literature values.212 Taken from 
JC08150A. 
N,N-Dimethyl-4-((trimethylsilyl)ethynyl)aniline (4.1f) pale yellow solid, 31% 
yield, 1H NMR (CDCl3, 500 MHz): δ 7.36-7.34 (m, 2H), 6.61-6.59 (m, 2H), 2.97 (s, 
6H), 0.24 (s, 9H) ppm. Spectral data was consistent with literature values.213 Taken 
from JC08029A. 
((2-Methoxyphenyl) ethynyl)trimethylsilane (4.1g) pale yellow oil, 59% yield 
(91% pure), 1H NMR (CDCl3, 500 MHz): δ 7.38-7.36 (m, 1H), 7.23-7.20(m, 1H), 
6.83-6.78 (m, 2H), 3.82 (s, 3H), 0.20 (s, 9H) ppm. Spectral data was consistent with 
literature values.205 Taken from JC07146A. 
((2-Isopropylphenyl)ethynyl)trimethylsilane (4.1i) colorless oil, 85% yield (85% 
pure), 1H NMR (CDCl3, 500 MHz): δ 7.44 (dd, 
4JHH = 0.8, 
3JHH = 7.6 Hz, 1H), 7.30-
7.25 (m, 2H), 7.12 (dt, 4JHH = 1.5, 
3JHH = 7.7 Hz, 1H), 3.46 (sep, 
3JHH = 6.9 Hz, 1H), 
1.27 (d, 3JHH = 6.9 Hz, 6H), 0.26 (s, 9H) ppm. Spectral data was consistent with 
literature values.205 Taken from JC08038A. 
 Trimethyl(naphthalen-1-ylethynyl)silane (4.1j) colorless oil, 87% yield, 1H 
NMR (CDCl3, 400 MHz): δ 8.36 (d, 
3JHH = 8.4 Hz, 1H), 7.85 (t, 
3JHH = 8.0 Hz, 2H), 
7.73 (dd, 4JHH = 1.1, 
3JHH = 7.1 Hz, 1H), 7.60 (ddd, 
4JHH = 1.3, 
3JHH = 6.9, 8.2 Hz, 
1H), 7.54 (ddd, 4JHH = 1.3, 
3JHH = 6.9, 8.1 Hz, 1H), 7.43 (dd, 
3JHH = 7.2, 8.2 Hz, 1H), 
0.36 (s, 9H) ppm. Spectral data was consistent with literature values.214 Taken from 
JC08016C. 
Trimethyl(naphthalen-2-ylethynyl)silane (4.1k) white solid, 69% yield (98% 
pure), 1H NMR (CDCl3, 500 MHz): δ 8.01 (s, 1H), 7.82-7.76 (m, 3H), 7.53-7.48(m, 
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3H), 0.30 (s, 9H) ppm. Spectral data was consistent with literature values.205 Taken 
from JC08027A. 
Trimethyl(thiophen-2-ylethynyl)silane (4.1l) colorless oil, 74% yield (92% pure), 
1H NMR (CDCl3, 400 MHz): δ 7.24 (s, 1H), 7.23 (s, 1H), 6.95 (m, 1H), 0.25 (s, 9H) 
ppm. Spectral data was consistent with literature values.215 Taken from JC08006A. 
2-((Trimethylsilyl)ethynyl)pyridine (4.1m) colorless oil, 46% yield (99% pure), 
1H NMR (CDCl3, 500 MHz): δ 8.56 (ddd, 
4JHH = 0.9, 
3JHH = 1.6, 4.8 Hz, 1H), 7.63 
(dt, 4JHH = 1.8, 
3JHH = 7.8 Hz, 1H), 7.44 (dt, 
4JHH = 1.0, 
3JHH = 7.8 Hz, 1H), 7.21 
(ddd, 4JHH = 1.0, 
3JHH = 4.8, 7.6 Hz, 1H), 0.26 (s, 9H) ppm. Spectral data was 
consistent with literature values.216 Taken from JC08064A. 
4-((Trimethylsilyl)ethynyl)benzonitrile (4.1x) pale orange solid, 70% yield, 1H 
NMR (CDCl3, 400 MHz): δ 7.61 (d, 
3JHH = 8.4 Hz, 2H), 7.55 (d, 
3JHH = 8.4 Hz, 2H), 
0.28 (s, 9H) ppm. Spectral data was consistent with literature values.217 Taken from 
JC08152A. 
1-(4-((Trimethylsilyl)ethynyl)phenyl)ethan-1-one (4.1y) dark brown solid, 83% 
yield, 1H NMR (CDCl3, 400 MHz): δ 7.91 (d, 
3JHH = 8.6 Hz, 2H), 7.56 (d, 
3JHH = 
8.6 Hz, 2H), 2.62 (s, 3H), 0.29 (s, 9H) ppm. Spectral data was consistent with 
literature values.218 Taken from JC08157A. 
tert-Butyl 4-((trimethylsilyl)ethynyl)benzoate (4.1z) pale yellow solid, 59% yield, 
1H NMR (CDCl3, 400 MHz): δ 7.93 (d, 
3JHH = 8.5 Hz, 2H), 7.51 (d, 
3JHH = 8.5 Hz, 
2H), 1.61 (s, 9H), 0.28 (s, 9H) ppm. Spectral data was consistent with literature 
values.219 Taken from JC08151B. 
N,N-Diisopropyl-4-((trimethylsilyl)ethynyl)benzamide (4.1aa) pale yellow solid, 
86% yield, 1H NMR (CDCl3, 400 MHz): δ 7.50 (d, 
3JHH = 8.4 Hz, 2H), 7.26 (d, 
3JHH 
= 8.4 Hz, 2H), 3.65 (br, 2H), 1.50 (br, 6H), 1.18 (br, 6H), 0.28 (s, 9H) ppm, 13C NMR 
(CDCl3, 100 MHz): ppm, GC-HRMS: Calc for C18H27NOSi [M-H
-] 300.1784; found 






General Procedure for Alkynyl Arenes 
(A) 
 
Aryl iodide (10 mmol, 1 eq.) was added to a 100 mL Schlenk flask with CuI 
(19 mg, 0.1 mmol, 0.01 eq.) and Pd(PPh3)2Cl2 (35 mg, 0.05 mmol, 0.005 eq.). 
Diisopropylamine (50 mL) was charged under nitrogen and the mixture was 
degassed for 3 times. Propyne gas was bubbled through the solution for 1 minute. 
Other heavier alkynes (10.5 mmol, 1.05 eq) were added via syringes. The reaction 
was stirred overnight at ambient temperature and monitored by 1H NMR to ensure 
all the aryl halides were consumed. If there were any unreacted aryl halides, an extra 
amount of alkyne would be added. After the reactions completed, the mixture was 
filtered through a sintered glass frit and the filtrate was collected and concentrated. 
The residue was purified by a flash chromatography through an alumina plug eluted 
by hexanes and then distilled under reduced pressure or recrystalized from cold 
methanol to yield the desired products. 
N,N-Dimethyl-4-(prop-1-yn-1-yl)aniline (4.2e) pale yellow solid, 56% yield, 1H 
NMR (CDCl3, 400 MHz): δ 7.29 (d, 
3JHH = 9.0 Hz, 2H), 6.64 (d, 
3JHH = 9.0 Hz, 2H), 
2.97 (s, 6H), 2.06 (s, 3H) ppm. Spectral data was consistent with literature values.220 
Taken from ZWG05122. 
1-Methoxy-2-(prop-1-yn-1-yl)benzene (4.2f) colorless oil, 80% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.40 (dd, 
4JHH = 1.6, 
3JHH = 7.5 Hz, 1H), 7.27 (dt, 
4JHH = 1.7, 
3JHH = 8.2 Hz, 1H), 6.93-6.87 (m, 2H), 3.91 (s, 3H), 2.14 (s, 3H) ppm. Spectral data 
was consistent with literature values.220 Taken from JC08043A. 
1-Methyl-2-(prop-1-yn-1-yl)benzene (4.2g) colorless oil, 59% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.37 (d, 
3JHH = 7.6 Hz, 1H), 7.17-7.15 (m, 2H), 7.13-7.08 (m, 
1H), 2.41 (s, 3H), 2.10 (s, 3H) ppm. Spectral data was consistent with literature 
values.220 Taken from JC08057A. 
1-Isopropyl-2-(prop-1-yn-1-yl)benzene (4.2h) colorless oil, 62% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.40 (dd, 
4JHH = 1.6, 
3JHH = 7.5 Hz, 1H), 7.24 (d, 
3JHH = 3.8 
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Hz, 2H), 7.13-7.07 (m, 1H), 3.45 (sep, 3JHH = 6.9 Hz, 1H), 2.09 (s, 3H), 1.25 (d, 
3JHH 
= 6.9 Hz, 6H) ppm. Spectral data was consistent with literature values.221 Taken 
from ACW01051. 
2-(Prop-1-yn-1-yl)pyridine (4.2l) colorless oil, 62% yield, 1H NMR (CDCl3, 500 
MHz): δ 8.54 (d, 3JHH = 5.0 Hz, 1H), 7.60 (dt, 
4JHH = 1.8, 
3JHH = 7.8 Hz, 1H), 7.35 
(d, 3JHH = 7.9 Hz, 1H), 7.17 (ddd, 
4JHH = 1.1, 
3JHH = 5.0, 7.6 Hz, 1H), 2.08 (s, 3H) 
ppm. Spectral data was consistent with literature values.222 Taken from JC08065A. 
Hex-1-yn-1-ylbenzene (4.2m) colorless oil, 53% yield, 1H NMR (CDCl3, 400 
MHz): δ 7.42-7.40 (m, 2H), 7.32-7.28 (m, 3H), 2.44 (t, 3JHH = 7.0 Hz, 2H), 1.62 (m, 
2H), 1.52 (m, 2H), 0.98 (t, 3JHH = 7.3 Hz , 3H) ppm. Spectral data was consistent 
with literature values.206 Taken from JC08044A. 
(3-Methylbut-1-yn-1-yl)benzene (4.2n) colorless oil, 53% yield (96% pure), 1H 
NMR (CDCl3, 500 MHz): δ 7.41-7.39 (m, 1H), 7.29-7.24 (m, 3H), 2.78 (sep, 
3JHH = 
7.0 Hz, 1H), 1.26 (d, 3JHH = 7.0 Hz, 6H) ppm. Spectral data was consistent with 




Aryl bromide (10 mmol, 1 eq.) was converted to TMS-aryl acetylene first 
(4.1b, 4.1c and 4.1d are commercially available) and then deprotected by K2CO3 
(5.5g, 40 mmol, 4 eq.) in methanol (50 mL) for 6 hours. The precipitate was filtered 
off and the filtrate was diluted by water and extracted with hexanes (30 mL x 3). 
After drying the organic layer with MgSO4, the solution was concentrated. The 
residue was then deprotonated in dry THF (20 mL) by n-BuLi solution (2.5 M, 4.2 
mL, 10.5 mmol, 1.05 eq.)  slowly at -78 ℃ under nitrogen. After the slow addition, 
the mixture was allowed to warm up to ambient temperature for 30 minutes. To the 
mixture, methyl iodide (0.68 mL, 11 mmol, 1.1 eq.) was added at -78 ℃ under 
nitrogen. The reaction was stirred overnight at ambient temperature and quenched 
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with saturated NH4Cl solution then extracted with hexanes (30 mL x 3). The mixture 
was concentrated, and the residue was distilled under reduced pressure or 
recrystallized from cold methanol to yield the pure products. 
1-(Prop-1-yn-1-yl)-4-(trifluoromethyl)benzene (4.2b) colorless oil, 74% yield, 1H 
NMR (CDCl3, 400 MHz): δ 7.53 (d, 
3JHH = 8.3 Hz, 2H), 7.47 (d, 
3JHH = 8.3 Hz, 2H), 
2.07 (s, 3H) ppm. Spectral data was consistent with literature values.220 Taken from 
ZWG06110CF3. 
1-Chloro-4-(prop-1-yn-1-yl)benzene (4.2c) colorless oil, 83% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.33 (d, 
3JHH = 8.5 Hz, 2H), 7.27 (d, 
3JHH = 8.5 Hz, 2H), 2.06 
(s, 3H) ppm. Spectral data was consistent with literature values.220 Taken from 
ZWG06115. 
1-Methoxy-4-(prop-1-yn-1-yl)benzene (4.2d) colorless oil, 76% yield, 1H NMR 
(CDCl3, 400 MHz): δ 7.32 (d, 
3JHH = 8.8 Hz, 2H), 6.81 (d, 
3JHH = 8.8 Hz, 2H), 3.80 
(s, 3H), 2.03 (s, 3H) ppm. Spectral data was consistent with literature values.220 
Taken from ZWG06110OMe. 
1-(Prop-1-yn-1-yl)naphthalene (4.2i) colorless oil, 83% yield, 1H NMR (CDCl3, 400 
MHz): δ 8.35 (d, 3JHH = 8.7 Hz, 1H), 7.83 (d, 
3JHH = 7.9 Hz, 1H), 7.78 (d, 
3JHH = 8.3 
Hz, 1H), 7.62 (dd, 4JHH = 0.6, 
3JHH = 7.0 Hz, 1H), 7.56 (ddd, 
4JHH = 1.4, 
3JHH = 6.8, 
8.2 Hz, 1H), 7.50 (ddd, 4JHH = 1.4, 
3JHH = 6.9, 7.9 Hz, 1H), 7.40 (dd, 
3JHH = 7.2, 8.2 
Hz, 1H),  2.22 (s, 3H) ppm. Spectral data was consistent with literature values.224 
Taken from JC08045A. 
2-(Prop-1-yn-1-yl)naphthalene (4.2j) white solid, 75% yield, 1H NMR (CDCl3, 500 
MHz): δ 7.90 (s, 1H), 7.80-7.74 (m, 4H), 7.48-7.44 (m, 3H), 2.10 (s, 3H) ppm. 
Spectral data was consistent with literature values.225 Taken from JC08036A. 
2-(Prop-1-yn-1-yl)thiophene (4.2k) colorless oil, 69% yield, 1H NMR (CDCl3, 400 
MHz): δ 7.16 (dd, 4JHH = 1.1, 
3JHH = 5.2 Hz, 1H), 7.11 (dd, 
4JHH = 1.1, 
3JHH = 3.6 
Hz, 1H), 6.93 (dd, 3JHH = 3.6, 5.2 Hz, 1H), 6.97 (m, 1H), 0.27 (s, 9H) ppm. Spectral 





4.5.6. Pyrrole Synthesis, Isolation and Characterization 
In a glovebox, to a 7 mL vial was added 41.0 mg PhNNPh (0.5 eq., 0.225 
mmol), 18.4 mg [py2Cl2TiNPh]2 (0.05 eq., 0.025 mmol), TMS-protected alkynes 
(4.1, 2.2 eq., 1.0 mmol), internal alkynes (4.2, 1.1 eq., 0.5 mmol), and 2.5 mL 
trifluorotoluene. The reaction was then sealed with a Teflon screw cap and heated 
at 115 ℃ outside of the glovebox for the desired period of time listed in Table 5.2. 
The reaction was diluted by dichloromethane, quenched by acidic methanol, washed 
with DI water, dried over Na2SO4 and concentrated prior to the purification. The 
pyrrole structures were determined by 2D 1H-15N HMBC and NOESY experiments.  
2-Methyl-1,3,4-triphenyl-1H-pyrrole (4.3aa) 
 
The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (101 mg, 73% yield). 1H NMR (500 MHz, CDCl3): 
δ 7.47 (t, 3JHH = 7.5 Hz, 2H), 7.42 (d, 
3JHH = 7.5 Hz, 2H), 7.36 (t, 
3JHH = 7.4 Hz, 1H), 
7.31 (t, 3JHH = 7.7 Hz, 2H), 7.24 (d, 
3JHH = 8.15 Hz, 3H), 7.20 (d, 
3JHH = 4.6 Hz, 4H), 
7.12 (m, 1H), 6.95 (s, 1H, H-NC4), 2.21 (s, 3H, CH3-NC4) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.07, 136.06, 135.55, 130.51, 129.15, 128.06, 127.99, 127.19, 127.04, 
125.76, 125.71, 125.40, 124.22, 121.84, 119.33, 11.85 ppm. GC-HRMS: Calc for 
C23H19N [M





Figure 4.11. 1H NMR spectrum of 4.3aa in CDCl3. Taken from JC08075F1. 
 
 








The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (65.6 mg, 39% yield). 1H NMR (400 MHz, 
CD2Cl2): δ 7.42 (t, 
3JHH = 7.5, 2H), 7.34-7.30 (m, 5H), 7.27-7.12 (m, 7H), 6.94 (s, 1H, 
H-NC4), 2.08 (s, 3H, CH3-NC4) ppm. 13C NMR (100 MHz, CD2Cl2): δ 140.44, 
140.33, 136.43, 131.06, 129.87, 128.81, 128.46, 128.42, 127.95, 126.65, 126.34, 
125.53 (q, -CF3), 123.32, 122.42, 120.62, 12.08 ppm. GC-HRMS: Calc for 
C24H18F3N [M









The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (110 mg, 71% yield). 1H NMR (400 MHz, 
CD2Cl2): δ 7.51 (t, 
3JHH = 7.6 Hz, 2H), 7.44-7.39 (m, 3H), 7.34 (t, 
3JHH = 7.5 Hz, 2H), 
7.27 (d, 3JHH = 7.3 Hz, 1H), 7.23-7.21 (m, 2H), 7.15 (q, 
3JHH = 8.9 Hz, 4H), 6.97 (s, 
1H, H-NC4), 2.19 (s, 3H, CH3-NC4) ppm. 13C NMR (100 MHz, CD2Cl2): δ 140.53, 
136.55, 135.02, 131.51, 131.04, 129.82, 129.79, 128.72, 128.06, 127.78, 126.50, 
131 
 
126.29, 123.49, 122.32, 119.96, 12.13 ppm. GC-HRMS: Calc for C23H18ClN [M
+] 
343.1128; found 343.1124. 
 




The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (97.9 mg, 64% yield). 1H NMR (400 MHz, 
CD2Cl2): δ 7.51 (t, 
3JHH = 7.4 Hz, 2H), 7.44 (d, 
3JHH = 7.2 Hz, 2H), 7.39 (t, 
3JHH = 7.2 
Hz, 1H), 7.33 (t, 3JHH = 7.2 Hz, 2H), 7.26-7.23 (m, 3H), 7.12 (d, 
3JHH = 8.8 Hz, 2H), 
6.91 (s, 1H, H-NC4), 6.77 (d, 
3JHH = 8.7 Hz, 2H), 2.20 (s, 3H, CH3-NC4) ppm. 13C 
NMR (100 MHz, CD2Cl2): δ 158.38, 140.74, 136.98, 131.08, 129.77, 129.63, 128.81, 
132 
 
128.58, 127.54, 126.27, 126.23, 124.40, 122.38, 119.31, 114.09, 55.67, 12.22 ppm. 
GC-HRMS: Calc for C24H21NO [M
+] 339.1623; found 339.1638. 
 




The crude mixture was purified by silica column chromatography using 5% 
EtOAc/hexanes and washed with hexanes to yield a pale yellow solid (118 mg, 75% 
yield). 1H NMR (400 MHz, CDCl3): δ 7.49-7.42 (m, 4H), 7.37-7.27 (m, 5H), 7.23-
7.20 (m, 1H), 7.10 (d, 3JHH = 8.6 Hz, 2H), 6.89 (s, 1H, H-NC4), 6.63 (d, 
3JHH = 8.5 
Hz, 2H), 2.90 (s, 6H, -N(CH3)2), 2.22 (s, 3H, CH3-NC4) ppm. 13C NMR (100 MHz, 
CDCl3):  δ 148.80, 140.45, 136.60, 130.74, 129.26, 129.02, 128.08, 126.95, 125.87, 
133 
 
125.68, 124.49, 124.18, 121.95, 118.57, 112.68, 40.81, 12.12 ppm. GC-HRMS: Calc 
for C25H24N2 [M
+] 352.1939; found 352.1954. 
 




The product was precipitated out by adding DI water to the crude mixture in MeOH 
solution and collected by filtration to give an off-white solid (106 mg, 73% yield). 1H 
NMR (500 MHz, CDCl3): δ 7.49-7.43 (m, 4H), 7.36 (tt, 
4JHH = 1.3, 
3JHH = 7.2 Hz, 
1H), 7.24-7.20 (m, 3H), 7.15-7.11 (m, 5H), 6.80 (s, 1H, H-NC4), 2.30 (s, 3H, CH3-
NC4), 2.09 (s, 3H, CH3-C6H4) ppm. 13C NMR (125 MHz, CDCl3): δ 140.37, 136.99, 
136.64, 135.69, 131.33, 130.05, 129.68, 129.28, 128.05, 127.01, 126.48, 125.89, 
134 
 
125.40, 124.02, 123.36, 120.13, 20.70, 12.41 ppm. GC-HRMS: Calc for C24H21N 
[M+] 323.1674; found 323.1695. 
 




The product was precipitated out by adding MeOH to the crude oil and collected by 
filtration to give an off-white solid (96.4 mg, 61% yield). 1H NMR (500 MHz, 
CDCl3): δ 7.52-7.45 (m, 5H), 7.38 (tt, 
4JHH = 1.4, 
3JHH = 7.2 Hz, 1H), 7.25-7.20 (m, 
5H), 7.15-7.10 (m, 4H), 6.79 (s, 1H, H-NC4), 3.14 (sep, 
3JHH = 6.9 Hz, 1H, CH(CH3)2-
C6H4), 2.33 (s, 3H, CH3-NC4), 0.88 (d, 
3JHH = 6.9 Hz, 6H, CH(CH3)2-C6H4) ppm. 13C 
NMR (125 MHz, CDCl3): δ 147.97, 140.42, 136.33, 134.46, 131.69, 130.01, 129.27, 
135 
 
127.98, 127.08, 126.93, 125.84, 125.54, 125.40, 125.13, 124.00, 123.52, 120.08, 
29.83, 24.06, 12.45 ppm. GC-HRMS: Calc for C26H25N [M
+] 351.1987; found 
351.2001. 
 




The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give an off-white solid (78.9 mg, 49% yield). 1H NMR (400 MHz, 
CDCl3): δ  8.19 (d, 
3JHH = 8.3 Hz, 1H), 7.81 (d, 
3JHH = 8 Hz, 1H), 7.72 (d, 
3JHH = 8.1H, 
1H), 7.56 -7.50 (m, 4H), 7.42-7.34 (m, 4H), 7.30 (dt, 4JHH = 1.2, 
3JHH = 7.0 Hz, 1H), 
7.16-7.10 (m, 4H), 7.08-7.04 (m, 1H), 6.97 (s, 1H, H-NC4), 2.36 (s, 3H, CH3-NC4) 
ppm. 13C NMR (100 MHz, CDCl3): δ 140.35, 136.19, 133.95, 132.83, 129.94, 129.35, 
136 
 
128.40, 128.11, 127.95, 127.17, 126.92, 126.63, 126.39, 126.00, 125.47, 125.43, 








The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (69.3 mg, 43% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.60-7.58 (m, 2H), 7.55 (t, 
3JHH = 2.2 Hz, 1H), 7.51-7.48 (m, 2H), 7.35-
7.28 (m, 4H), 7.24-7.21 (m, 3H), 7.17-7.12 (m, 5H), 7.10-7.06 (m, 1H), 6.92 (s, 1H, 
H-NC4), 2.09 (s, 3H, CH3-NC4) ppm.  
137 
 
13C NMR (100 MHz, CDCl3): δ 140.24, 136.22, 133.85, 133.38, 131.91, 130.72, 
129.36, 128.24, 127.87, 127.67, 127.53, 127.49, 127.28, 125.99, 125.96, 125.95, 
125.85, 125.12, 124.34, 122.20, 119.88, 12.07 ppm. GC-HRMS: Calc for C27H21N 
[M+] 359.1674; found 359.1678. 
 




The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (94.4 mg, 67% yield). 1H NMR (500 MHz, 
CDCl3): δ 7.49 (t, 
3JHH = 7.5 Hz, 2H), 7.42 (t, 
3JHH = 7.5 Hz, 2H), 7.40-7.35 (m, 5H), 
7.31 (tt, 4JHH = 1.7, 
3JHH = 7.0 Hz, 1H), 7.05 (dd, 
4JHH = 1.0, 
3JHH = 5.2 Hz, 1H), 7.04 
(s, 1H, H-NC4), 6.88 (dd, 
3JHH = 3.6, 5.1 Hz, 1H),  6.67 (dd, 
4JHH = 1.0, 
3JHH = 3.5 Hz, 
138 
 
1H), 2.17 (s, 3H, CH3-NC4) ppm. 13C NMR (125 MHz, CDCl3): δ 140.02, 138.13, 
135.84, 130.94, 129.35, 128.19, 127.55, 127.36, 127.24, 126.42, 125.96, 123.57, 
122.52, 122.11, 119.34, 117.71, 11.81 ppm. GC-HRMS: Calc for C21H17NS [M
+] 
315.1082; found 351.1080. 
 




This reaction was not quenched with acidic methanol. The crude oil was purified by 
silica column chromatography using 5% EtOAc/hexanes followed by recrystallization 
from pentane to give a white solid (117 mg, 68% yield). 1H NMR (500 MHz, CDCl3): 
δ 8.74 (d, 3JHH = 4.5 Hz, 1H), 7.64-7.58 (m, 5H), 7.52-7.43 (m, 4H), 7.39 (d, 
3JHH = 
7.4 Hz, 2H), 7.25 (dd, 3JHH = 5.2, 6.9 Hz, 1H), 7.23 (d, 
3JHH = 7.9 Hz, 1H), 2.22 (s, 
139 
 
3H, CH3-NC4), 0.00 (s, 9H, (CH3)3Si-NC4) ppm. 13C NMR (125 MHz, CDCl3): δ 
153.99, 149.00, 139.63, 139.27, 139.01, 135.09, 130.93, 129.57, 128.80, 128.79, 
128.47, 127.88, 127.27, 126.18, 129.95, 121.52, 117.34, 11.86, 1.33 ppm. GC-
HRMS: Calc for C25H26N2Si [M
+] 382.1865; found 382.1890. 
 
Figure 4.23. 1H NMR spectrum of 4.4ma’ in CDCl3. Taken from JC08075K2. 
 
To confirm the structure of 4.4ma’, an aliquot of the reaction mixture was quenched 
with acidic methanol for 30 minutes, diluted with dichloromethane, washed with 
water and dried over MgSO4. The 
1H-15N HMBC and NOESY NMR spectra of the 




Figure 4.24. 1H-15N NMR spectrum of crude 4.3ma’ in CDCl3. Taken from JC08075K3. 
 









The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give a colorless oil (48.7 mg, 42% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.49-7.34 (m, 9H), 7.29 (tt, 
4JHH = 1.4, 
3JHH = 7.2 Hz, 1H), 6.7 (s, 1H, H-
NC4), 2.23 (s, 3H, 2-CH3-NC4), 2.17 (s, 3H, 4-CH3-NC4) ppm. 13C NMR (100 MHz, 
CDCl3): δ 140.53, 136.62, 130.07, 129.18, 128.22, 126.74, 125.96, 125.83, 125.71, 
123.74, 119.22, 117.80, 12.12, 11.15 ppm. GC-HRMS: Calc for C18H17N [M
+] 
247.1361; found 257.1358. 
 








The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give a white solid (120 mg, 92% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.45-7.22 (m, 10H), 6.66 (s, 1H, H-C4N), 2.52 (t, 
3JHH = 7.7 Hz, 2H, NC4H-
CH2CH2-), 2.18 (s, 3H, NC4H-CH3) 1.51 (p, 
3JHH = 7.5 Hz, 2H, -CH2CH2CH2-), 1.35 
(sex, 3JHH = 7.5 Hz, 2H, -CH2CH2CH3), 0.87 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 
13C NMR (100 MHz, CDCl3): δ 140.68, 136.83, 130.20, 129.15, 128.19, 126.64, 
125.78, 126.75, 123.50, 123.45, 118.37, 32.71, 25.53, 22.86, 14.14, 12.00 ppm. GC-
HRMS: Calc for C21H23N [M




Figure 4.28. 1H NMR spectrum of 4.3oa in CDCl3. Taken from JC08066A3. 
 
 






The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give a pale-yellow solid (15.0 mg, 12% yield).1H NMR (400 MHz, 
CDCl3): δ 7.47 (t, 
3JHH = 7.3 Hz, 2H), 7.39-7.34 (m, 7H), 7.29-7.25 (m, 1H), 6.84 (s, 
1H, H-NC4), 4.76 (m , 1H, =CHH), 4.74 (m , 1H, =CHH), 2.11 (s, 3H, NC4H-CH3), 
1.95 (s, 3H, -C(CH2)-CH3) ppm. 13C NMR (100 MHz, CDCl3): δ 140.30, 137.90, 
137.27, 130.50, 129.27, 128.21, 127.45, 127.09, 126.08, 125.87, 124.97, 121.98, 
119.31, 23.31, 11.72 ppm. GC-HRMS: Calc for C20H19N [M
+] 273.1517; found 
273.1500. 
 







The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (154 mg, 90% yield). 1H NMR (500 MHz, CDCl3): 
δ 7.55 (d, 3JHH = 8.2 Hz, 2H), 7.48 (t, 
3JHH = 7.8 Hz, 2H), 7.42-7.33 (m, 5H), 7.22 (t, 
3JHH = 7.5, 2H), 7.19-7.14 (m, 3H), 6.95 (s, 1H, H-NC4), 2.21 (s, 3H, CH3-NC4) ppm. 
13C NMR (125 MHz, CDCl3): δ 140.17, 139.97, 135.28, 130.70, 129.43, 128.43, 
128.37, 127.89, 127.52, 126.01, 125.91, 125.11 (q, -CF3), 124.46, 120.75, 120.00, 
12.05 ppm. GC-HRMS: Calc for C24H18F3N [M
+] 377.1391; found 377.1391. 
 







The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (120 mg, 78% yield). 1H NMR (500 MHz, CDCl3): 
δ 7.48 (t, 3JHH = 7.6 Hz, 2H), 7.42-7.36 (m, 3H), 7.28 (d, 
3JHH = 8.2 Hz, 2H), 7.23-
7.15 (m, 7H), 6.94 (s, 1H, H-NC4), 2.19 (s, 3H, CH3-NC4) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.08, 135.43, 134.77, 131.88, 131.72, 129.38, 128.40, 128.35, 128.27, 
127.46, 127.37, 125.94, 125.77, 124.34, 120.81, 119.69, 11.99 ppm. GC-HRMS: 
Calc for C23H18ClN [M
+] 343.1128; found 343.1113. 
 







The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (99.5 mg, 65% yield). 1H NMR (500 MHz, 
CDCl3): δ  7.52 (t, 
3JHH = 8.0 Hz, 2H), 7.46 (d, 
3JHH = 7.4 Hz, 2H), 7.41 (t, 
3JHH = 7.2 
Hz, 1H), 7.28-7.21 (m, 6H), 7.18 (tt, 3JHH = 2.2, 6.4 Hz, 1H), 7.00 (s, 1H, H-NC4), 
6.88 (d, 3JHH = 8.6, 2H), 3.86 (s, 3H, -OCH3), 2.25 (s, 3H, CH3-NC4) ppm. 13C NMR 
(125 MHz, CDCl3): δ 157.93, 140.32, 135.82, 131.67, 129.31, 128.58, 128.23, 128.18, 
127.15, 127.13, 125.88, 125.52, 124.36, 121.60, 119.29, 113.68, 55.31, 12.01 ppm. 
GC-HRMS: Calc for C24H21NO [M
+] 339.1623; found 339.1620. 
 






The crude mixture was purified by silica column chromatography using 5% 
EtOAc/hexanes to give a white solid (37.3 mg, 23% yield). 1H NMR (400 MHz, 
CDCl3): δ  7.50-7.43 (m, 4H), 7.36 (tt, 
4JHH = 1.4, 
3JHH = 7.0 Hz, 1H), 7.28-7.20 (m, 
4H), 7.14 (d, 3JHH = 8.8 Hz, 2H), 6.96 (s, 1H, H-NC4), 6.73 (d, 
3JHH = 8.7 Hz, 2H), 
2.97 (s, 3H, -N(CH3)2), 2.23 (s, 3H, CH3-NC4) ppm. 13C NMR (100 MHz, CDCl3): δ 
148.84, 140.45, 136.08, 131.33, 129.23, 128.18, 126.98, 125.84, 125.38, 124.37, 
124.33, 122.03, 119.19, 112.50, 40.78, 12.13 ppm. GC-HRMS: Calc for C25H24N2 
[M+] 352.1939; found 352.1947. 
 






The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (103 mg, 64% yield). 1H NMR (400 MHz, CDCl3): 
δ  7.82-7.78 (m, 3H), 7.73 (d, 3JHH = 8.4, 1H), 7.49-7.43 (m, 6H), 7.37-7.32 (m, 2H), 
7.24 (d, 3JHH = 7.4 Hz, 2H), 7.18-7.15 (m, 2H), 7.11 (t, 
3JHH = 7.0 Hz, 1H), 7.00 (s, 
1H, H-NC4), 2.26 (s, 3H, CH3-NC4) ppm. 13C NMR (100 MHz, CDCl3): δ 140.23, 
135.66, 134.04, 133.75, 132.01, 129.69, 129.35, 128.65, 128.29, 128.19, 127.93, 
127.78, 127.74, 127.50, 127.26, 125.94, 125.88, 125.63, 125.45, 124.51, 121.91, 
119.64, 12.12 ppm. GC-HRMS: Calc for C27H21N [M
+] 359.1674; found 359.1699. 
 






The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give an off-white solid (112 mg, 79% yield).1H NMR (500 MHz, CDCl3): 
δ  7.48 (t, 3JHH = 7.7 Hz, 2H), 7.41-7.37 (m, 3H), 7.29 (d, 
3JHH = 7.7 Hz, 2H), 7.25 (t, 
3JHH = 7.6 Hz, 3H), 7.17 (t, 
3JHH = 7.5 Hz, 1H), 7.02 (t, 
3JHH = 3.9 Hz, 1H), 6.93 (s, 
1H, H-NC4), 6.85 (d, 3.5 Hz, 1H), 2.26 (s, 3H, CH3-NC4) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.07, 137.85, 135.34, 129.37, 128.79, 128.30, 128.23, 127.42, 127.05, 
126.87, 125.96, 125.93, 125.11, 124.81, 119.52, 114.51, 12.00 ppm. GC-HRMS: 
Calc for C21H17NS [M
+] 315.1082; found 351.1100. 
 







The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give a white solid (72.7mg, 46% yield).  
1H NMR (500 MHz, CDCl3): δ  7.47 (t, 
3JHH = 7.3 Hz, 2H), 7.43 (d, 
3JHH = 7.3 Hz, 
2H), 7.38 (t, 3JHH = 7.2 Hz, 1H), 7.32 (t, 
3JHH = 7.3 Hz, 2H), 7.28-7.22 (m, 3H), 7.18-
7.16 (m, 4H), 7.13- 7.08 (m, 1H), 6.92 (s, 1H, H-NC4), 2.64 (t, 
3JHH = 7.7 Hz, 2H, -
CH2-NC4), 1.17 (p, 
3JHH = 7.4 Hz, 2H, -CH2CH2CH2-), 1.02, (six, 
3JHH = 7.4 Hz, 2H, 
-CH2CH2CH3), 0.61 (t, 
3JHH = 7.4 Hz, 3H, -CH2CH3) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.59, 136.65, 135.75, 132.38, 130.81, 129.28, 128.17, 128.03, 127.49, 
126.45, 125.97, 125.39, 124.05, 121.96, 119.93, 32.06, 24.42, 22.28, 13.64 ppm. GC-
HRMS: Calc for C26H25N [M
+] 351.1987; found 351.2003. 
 





The crude mixture was purified by silica column chromatography using hexanes to 
give a red oil (88.7 mg, 65% yield). 1H NMR (500 MHz, CDCl3): δ  7.46-7.43 (m, 
4H), 7.37-7.34 (m, 4H), 7.22 (t, 3JHH = 7.2 Hz, 1H), 6.77 (s, 1H, H-NC4), 2.61-2.56 
(m, 4H, 2,3-NC4-(CH2-)2), 1.50, (six, 
3JHH = 7.9 Hz, 2H, -CH2CH2CH3), 1.34, (six, 
3JHH = 7.9 Hz, 2H, -CH2CH2CH3), 0.92 (t, 
3JHH = 7.9 Hz, 3H, -CH2CH2CH3), 0.79 (t, 
3JHH = 7.9 Hz, 3H, -CH2CH2CH3) ppm. 13C NMR (125 MHz, CDCl3): δ 140.90, 
137.05, 131.29, 129.17, 128.43, 127.99, 127.09, 126.32, 125.58, 124.59, 119.75, 
119.46, 27.51, 26.91, 25.01, 23.79, 14.63, 14.23 ppm. GC-HRMS: Calc for C22H25N 
[M+] 303.1987; found 303.1990. 
 









The product was precipitated out by adding hexanes to the crude oil and collected by 
filtration to give a pale brown solid (93.9 mg, 56% yield).  
1H NMR (400 MHz, CDCl3): δ 7.28-7.25 (m, 2H), 7.23-7.20 (m, 5H), 7.17-7.13 (m, 
7H), 7.09-7.05 (m, 5H), 6.96-6.94 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 
140.26, 135.57, 135.43, 132.80, 131.60, 131.21, 129.00, 128.51, 128.26, 127.94, 
127.87, 126.79, 126.71, 125.99, 125.93, 125.83, 125.01, 123.18, 121.46 ppm. Spectral 
data was consistent with literature values.227 GC-HRMS: Calc for C28H21N [M
+] 
371.1674; found 371.1764. 
 





The crude mixture was purified by silica column chromatography using 1.2% 
EtOAc/hexanes to give a white solid (139 mg, 87% yield). 1H NMR (500 MHz, 
CDCl3): δ 7.66 (d, 
3JHH = 8.2 Hz, 2H), 7.48-7.45 (m, 4H), 7.37-7.34 (m, 3H), 6.68 (s, 
1H, H-NC4), 2.51 (t, 
3JHH = 8.2 Hz, 2H, NC4H-CH2CH2-), 2.18 (s, 3H, NC4H-CH3) 
1.51 (p, 3JHH = 7.2 Hz, 2H, -CH2CH2CH2-), 1.35 (sex, 
3JHH = 7.5 Hz, 2H, -
CH2CH2CH3), 0.88 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.81, 140.39, 130.21, 129.26, 126.99, 126.32, 125.88, 125.16 (q, -CF3), 
123.32, 122.15, 118.90, 32.68 ,25.47, 22.81, 14.11, 11.99 ppm. GC-HRMS: Calc for 
C22H22F3N [M
+] 357.1704; found 357.1692. 
 





The crude mixture was purified by silica column chromatography using 1.2% 
EtOAc/hexanes to give a pale-yellow oil (89.7 mg, 62% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.47 (t, 
3JHH = 7.0 Hz, 2H), 7.40-7.34 (m, 5H), 7.29 (d, 
3JHH = 8.3 Hz, 2H), 
6.67 (s, 1H, H-NC4), 2.50 (t, 
3JHH = 8.0 Hz, 2H, NC4H-CH2CH2-), 2.17 (s, 3H, NC4H-
CH3) 1.51 (p, 
3JHH = 7.4 Hz, 2H, -CH2CH2CH2-), 1.35 (sex, 
3JHH = 7.5 Hz, 2H, -
CH2CH2CH3), 0.89 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (100 MHz, 
CDCl3): δ 140.52, 135.35, 131.59, 131.41, 129.21, 128.41, 126.83, 125.93, 125.81, 
123.35, 122.23, 118.59, 32.69, 25.47, 22.83, 14.13, 11.94 ppm. GC-HRMS: Calc for 
C21H22ClN [M
+] 323.1441; found 323.1443. 
 





The crude mixture was purified by silica column chromatography using 2.4% 
EtOAc/hexanes to give a pale-yellow solid (115 mg, 80% yield). 1H NMR (500 MHz, 
CDCl3): δ 7.46 (t, 
3JHH = 7.5 Hz, 2H), 7.36 (d, 
3JHH = 7.3 Hz, 2H), 7.34 (tt, 
3JHH = 1.1, 
7.4 Hz, 1H), 7.30 (d, 3JHH = 8.7 Hz, 2H), 6.99 (d, 
3JHH = 8.8 Hz, 2H), 6.67 (s, 1H, H-
NC4), 3.87 (s, 3H, -OCH3), 2.52 (t, 
3JHH = 8.1 Hz, 2H, NC4H-CH2CH2-), 2.19 (s, 3H, 
NC4H-CH3) 1.54 (p, 
3JHH = 7.6 Hz, 2H, -CH2CH2CH2-), 1.37 (sex, 
3JHH = 7.5 Hz, 2H, 
-CH2CH2CH3), 0.90 (t, 
3JHH = 7.4 Hz, 3H, -CH2CH3) ppm. 13C NMR (125 MHz, 
CDCl3): δ 157.84, 140.73, 131.19, 129.15, 129.13, 126.55, 125.70, 125.59, 123.59, 
123.02, 118.13, 113.67, 55.34, 32.69, 24.53, 22.87, 14.16, 11.98 ppm. GC-HRMS: 
Calc for C22H25NO [M
+] 319.1963; found 319.1938. 
 





The crude mixture was purified by silica column chromatography using 5% 
EtOAc/hexanes to give a pale-yellow solid (107 mg, 74% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.44 (t, 
3JHH = 7.4 Hz, 2H), 7.37 (d, 
3JHH = 7.2 Hz, 2H), 7.31 (t, 
3JHH = 7.4 
Hz, 1H), 7.24 (d, 3JHH = 8.8 Hz, 2H), 6.82 (d, 
3JHH = 8.7 Hz, 2H), 6.65 (s, 1H, H-NC4), 
3.00 (s, 6H, -N(CH3)2), 2.51 (t, 
3JHH = 7.8 Hz, 2H, NC4H-CH2CH2-), 2.19 (s, 3H, 
NC4H-CH3) 1.54 (p, 
3JHH = 7.6 Hz, 2H, -CH2CH2CH2-), 1.36 (sex, 
3JHH = 7.4 Hz, 2H, 
-CH2CH2CH3), 0.89 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (100 MHz, 
CDCl3): δ 148.80, 140.86, 130.90, 129.09, 126.40, 125.67, 125.44, 124.96, 123.76, 
123.44, 117.95, 112.54, 40.85, 32.68, 25.61, 22.93, 14.20, 12.08 ppm. GC-HRMS: 
Calc for C23H28N2 [M
+] 332.2252; found 332.2262. 
 





The crude mixture was purified by silica column chromatography using hexanes to 
give a colorless oil (34.9 mg, 26% yield). 1H NMR (400 MHz, CD2Cl2): δ 7.46 (t, 
3JHH = 7.5 Hz, 2H), 7.37-7.27 (m, 4H), 7.24-7.15 (m, 3H), 6.65 (s, 1H, H-NC4), 2.33-
2.21 (m, 2H, NC4H-CH2CH2-), 2.18 (s, 3H, -C6H4-o-CH3), 1.96 (s, 3H, NC4H-CH3), 
1.39 (p, 3JHH = 7.9 Hz, 2H, -CH2CH2CH2-), 1.26 (sex, 
3JHH = 7.9 Hz, 2H, -
CH2CH2CH3), 0.82 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (100 MHz, 
CD2Cl2): δ 141.33, 138.41, 136.88, 131.97, 130.19, 129.60, 127.15, 126.76, 125.78, 








During the column chromatography of the 4.3og isolation, the attempts to isolating 
the second major isomer 4.3og’’ is a failure, but a fraction containing two isomers was 
collected and was analyzed by 1H NMR and 1H-15N HMBC to determine the 
structures of 4.3og’’. There is only one proton-nitrogen correlation observed from 
isomer 4.3og’’ which corresponds to the proton at position 5 on the pyrrole ring with 
the methyl at position 3 now. This isomeric structure is proposed to be the same one 
observed in the reactions generating 4.3ag, 4.3ah and 4.3oh that do not have decent 
yields for product isolations.  
 






Figure 4.46. 1H-15N HMBC NMR spectrum of the mixture of 4.3og and 4.3og’’ in 




The crude mixture was purified by silica column chromatography using 1.2% 
EtOAc/hexanes to give a colorless oil (64.0 mg, 42% yield). 1H NMR (400 MHz, 
CD2Cl2): δ 7.90 (dd, 
4JHH = 1.2, 
3JHH = 7.8 Hz, 1H), 7.82 (t, 
3JHH = 7.5 Hz, 2H), 7.53 
(dd, 3JHH = 7.0, 8.0 Hz, 1H), 7.50-7.39 (m, 7H), 7.35 (tt, 
4JHH = 1.3, 
3JHH = 7.2 Hz, 
1H), 6.75 (s, 1H, H-NC4), 2.30 (p, 
3JHH = 7.6 Hz, 1H NC4H-CHH-CH2-), 2.21 (p, 
3JHH 
= 7.6 Hz, 1H NC4H-CHH-CH2-), 1.96 (s, 3H, NC4H-CH3) 1.34 (p, 
3JHH = 7.8 Hz, 2H, 
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-CH2CH2CH2-), 1.18 (sex, 
3JHH = 8.2 Hz, 2H, -CH2CH2CH3), 0.73 (t, 
3JHH = 7.3 Hz, 
3H, -CH2CH3) ppm. 13C NMR (100 MHz, CD2Cl2): δ 141.28, 135.27, 134.39, 133.83, 
129.64, 129.03, 128.60, 127.32, 127.28, 126.92, 126.84, 126.09, 126.01, 125.99, 
125.93, 125.15, 121.91, 118.48, 32.99, 25.96, 22.98, 14.17, 12.04 ppm. GC-HRMS: 
Calc for C25H25N [M
+] 339.1987; found 339.2005. 
 




The crude mixture was purified by silica column chromatography using 1.2% 
EtOAc/hexanes to give a white solid (120 mg, 79% yield). 1H NMR (500 MHz, 
CDCl3): δ 7.89-7.86 (m, 3H), 7.79 (d, 
3JHH = 2.0 Hz, 1H), 7.54 (dd, 




= 8.4 Hz, 1H), 7.51-7.45 (m, 4H), 7.41-7.39 (m, 2H), 7.35 (tt, 4JHH = 1.2, 
3JHH = 7.2 
Hz, 1H), 6.71 (s, 1H, H-NC4), 2.57 (t, 
3JHH = 7.8 Hz, 2H, NC4H-CH2CH2-), 2.23 (s, 
3H, NC4H-CH3) 1.53 (p, 
3JHH = 7.6 Hz, 2H, -CH2CH2CH2-), 1.33 (sex, 
3JHH = 7.4 Hz, 
2H, -CH2CH2CH3), 0.86 (t, 
3JHH = 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (125 MHz, 
CDCl3): δ 140.66, 134.47, 133.76, 131.94, 129.19, 129.09, 128.39, 127.92, 127.77, 
127.56, 126.71, 126.13, 125.94, 125.80, 125.38, 123.70, 123.33, 118.55, 32.74, 25.62, 
22.85, 14.14, 12.10 ppm. GC-HRMS: Calc for C25H25N [M
+] 339.1987; found 
339.1982. 
 












The crude mixture was purified by silica column chromatography using hexanes to 
give a colorless oil (81.3 mg, 61% yield). 1H NMR (500 MHz, CDCl3): δ 7.45 (t, 
3JHH 
= 7.8 Hz, 2H), 7.36-7.33 (m, 3H), 7.28 (dd, 3JHH = 1.0, 5.2 Hz, 1H), 7.09 (dd, 
4JHH = 
1.6, 3JHH = 3.5 Hz, 1H), 6.95 (dd, 
4JHH = 1.1, 
3JHH = 3.4 Hz, 1H), 6.62 (s, 1H, H-NC4), 
2.57 (t, 3JHH = 7.7 Hz, 2H, NC4H-CH2CH2-), 2.25 (s, 3H, NC4H-CH3) 1.54 (p, 
3JHH = 
7.4 Hz, 2H, -CH2CH2CH2-), 1.37 (sex, 
3JHH = 7.4 Hz, 2H, -CH2CH2CH3), 0.90 (t, 
3JHH 
= 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (125 MHz, CDCl3): δ 140.45, 138.36, 
129.22, 127.26, 127.06, 126.91, 125.86, 125.68, 124.07, 124.04, 118.62, 115.82, 
32.68, 25.69, 22.85, 14.17, 12.18 ppm. GC-HRMS: Calc for C19H21NS [M
+] 
293.1395; found 293.1391. 
 





The crude mixture was purified by silica column chromatography using 1% 
EtOAc/hexanes to give a colorless oil (109 mg, 73% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.51-7.37 (m, 9H), 7.33 (tt, 
4JHH = 1.7, 
3JHH = 7.0 Hz, 1H), 6.66 (s, 1H, H-
NC4), 2.68 (t, 
3JHH = 7.7 Hz, 2H, 2-NC4H-CH2CH2-), 2.54 (t, 
3JHH = 7.6 Hz, 2H, 4-
NC4H-CH2CH2-), 1.57 (p, 
3JHH = 7.4 Hz, 2H, 2-NC4-CH2CH2CH2-), 1.39 (sex, 
3JHH 
= 7.4 Hz, 2H, 4-NC4-CH2CH2CH2CH3), 1.20 (p, 
3JHH = 7.4 Hz, 2H, 2-NC4-
CH2CH2CH2-), 1.07 (sex, 
3JHH = 7.4 Hz, 2H, 4-NC4-CH2CH2CH2CH3), 0.93 (t, 
3JHH 
= 7.3 Hz, 3H, 2-NC4-CH2CH2CH2CH3), 0.69 (t, 
3JHH = 7.3 Hz, 3H, 4-NC4-
CH2CH2CH2CH3) ppm. 13C NMR (100 MHz, CDCl3): δ 141.07, 137.15, 130.75, 
130.38, 129.12,128.12, 126.90, 126.26, 125.82, 123.48, 123.29, 118.90, 32.60, 32.09, 
25.46, 24.49, 22.86, 22.27, 14.14, 13.64 ppm. GC-HRMS: Calc for C24H29N [M
+] 








The crude mixture was purified by silica column chromatography using hexanes to 
give a colorless oil (50.0 mg, 49% yield). 1H NMR (400 MHz, CDCl3): δ  7.42 (t, 
3JHH = 7.9 Hz, 2H), 7.32-7.28 (m, 3H), 6.56 (s, 1H, H-NC4), 2.47 (t, 2H NC4-CH2CH2-
), 2.16 (s, 3H, 2-NC4-CH3), 2.05 (s, 3H, 3-NC4-CH3), 1.61, (p, 
3JHH = 7.4 Hz, 2H, 
NC4-CH2CH2CH2-), 1.34, (sex, 
3JHH = 7.5 Hz, 2H, NC4-CH2CH2CH2CH3), 0.98 (t, 
3JHH = 7.3 Hz, 3H, NC4-CH2CH2CH2CH3) ppm. 13C NMR (100 MHz, CDCl3): δ 
140.93, 129.05, 126.22, 125.58, 125.01, 124.10, 117.39, 115.36, 32.60, 25.41, 22.94, 
14.20, 10.97, 9.60 ppm. GC-HRMS: Calc for C16H21N [M









The crude mixture was purified by silica column chromatography using hexanes to 
give a colorless oil (89.0 mg, 70% yield). 1H NMR (400 MHz, CDCl3): δ 7.45 (t, 
3JHH 
= 7.2 Hz, 2H), 7.37-7.31 (m, 3H), 6.52 (s, 1H, H-NC4), 2.57 (t, 
3JHH = 8.0 Hz, 2H, 2-
NC4H-CH2CH2-), 2.50 (t, 
3JHH = 7.8 Hz, 2H, 4-NC4H-CH2CH2-), 2.45 (t, 
3JHH = 8.1 
Hz, 2H, 3-NC4H-CH2CH2-), 1.64 (p, 
3JHH = 7.5 Hz, 2H, 1.57, 4-NC4H-CH2CH2CH2-
), 1.59 (hex, 3JHH = 7.9 Hz, 2H, 2-NC4H-CH2CH2CH2-), 1.46 (sex, 
3JHH = 7.5 Hz, 2H, 
4-NC4H-CH2CH2CH2CH3), 1.34 (sex, 
3JHH = 7.9 Hz, 2H, 3-NC4-CH2CH2CH2-), 1.05 
(t, 3JHH = 7.3 Hz, 3H, 2-NC4-CH2CH2CH3), 1.00 (t, 
3JHH = 7.3 Hz, 3H, 4-NC4-
CH2CH2CH2CH3), 0.81 (t, 
3JHH = 7.3 Hz, 3H, 3-NC4-CH2CH2CH3) ppm. 13C NMR 
(100 MHz, CDCl3): δ 141.23, 130.11, 129.02, 126.50, 126.12, 123.44, 120.63, 118.06, 
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32.44, 27.40, 26.95, 25.32, 25.06, 23.87, 23.11, 14.72, 14.26, 14.24 ppm. GC-HRMS: 
Calc for C20H29N [M
+] 283.2300; found 283.2297. 
 




The product was precipitated out by adding methanol to the crude oil and collected by 
filtration to give an off-white solid (89.8 mg, 57% yield). 1H NMR (400 MHz, 
CDCl3): δ 7.27-7.23 (m, 4H), 7.20-7.16 (m, 4H), 7.11-7.05 (m, 5H), 6.92-6.90 (m, 
2H), 6.83 (s, 1H, H-NC4), 2.53 (t, 
3JHH = 7.8 Hz, 2H, NC4-CH2CH2-), 1.56 (p, 
3JHH = 
7.4 Hz, 2H, -CH2CH2CH2-), 1.37 (sex, 
3JHH = 7.4 Hz, 2H, -CH2CH2CH3), 0.89 (t, 
3JHH 
= 7.3 Hz, 3H, -CH2CH3) ppm. 13C NMR (100 MHz, CDCl3): δ 140.69, 136.35, 
132.41, 130.92, 130.75, 130.36, 128.89, 127.99, 127.79, 126.33, 126.16, 125.81, 
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124.85, 124.55, 120.70, 32.68, 25.49, 22.91, 14.17 ppm. GC-HRMS: Calc for 
C26H25N [M
+] 351.1987; found 351.1997. 
 
Figure 4.53. 1H NMR spectrum of 4.3oq in CDCl3. Taken from JC08071H1. 
 
4-Butyl-3-isopropyl-2-methyl-1-phenyl-1H-pyrrole (4.3or) and 4-butyl-2-
isopropyl-3-methyl-1-phenyl-1H-pyrrole (4.3or’’) 
 
The crude mixture was purified by silica column chromatography using hexanes to 
give a colorless oil (78.9 mg yield pyrrole, 69% yield). The product ratio of 4.3or and 
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4.3or” was determined to be 56 to 44 by 1H NMR and 1H-15N HMBC. GC-HRMS: 
Calc for C18H25N [M
+] 255.1987; found 255.1991. 
 






Figure 4.55. 1H-15N NMBC NMR spectrum of the mixture of 4.3or and 4.3or’’ in 




In a glovebox, to a 7-mL vial was added 41.0 mg azobenzene (1 eq., 0.225 
mmol), 18.4 mg [py2Cl2TiNPh]2 (0.11 eq., 0.025 mmol), 174 mg 
trimethyl(phenylethynyl)silane (4.1a) (4.4 eq., 1.0 mmol), 58.0 mg 1-phenyl-1-
propyne (4.2a) (2.2 eq., 0.5 mmol), and 2.5 mL trifluorotoluene. The reaction was 
then sealed with a Teflon screw cap and heated at 115 ℃ in the glovebox for 3 hours. 
To the reaction mixture 17.8 mg N-bromosuccinimide (2.2 eq., 0.5 mmol) was added. 
After being stirred at ambient temperature, the precipitate was filtered out and the 
filtrate was concentrated before being purified by silica column chromatography using 
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2.4% EtOAc/hexanes and washed by hexanes to give a white solid (98.3 mg, 56% 
yield). This compound easily decomposes and turns into purple under vacuum and in 
halogenated solvents. 1H NMR (400 MHz, CDCl3): δ 7.52 (t, 
3JHH = 7.0 Hz, 2H), 7.47 
(t, 3JHH = 7.0 Hz, 1H), 7.38 (d, 
3JHH = 7.0 Hz, 2H), 7.25-7.23 (m, 6H), 7.20-7.16 (m, 
2H), 7.12 (d, 3JHH = 7.6 Hz, 2H), 2.10 (s, 3H, CH3-NC4) ppm. 13C NMR (125 MHz, 
C6D6): δ 138.83, 136.12, 135.23, 130.84, 130.81, 129.20,129.11, 128.81, 128.49, 
128.46, 128.37, 126.62, 126.28, 124.40, 123.32, 101.78, 12.42 ppm. GC-HRMS: 
Calc for C23H18BrN [M
+] 387.0623; found 387.0607. 
 










In a glovebox, to a 7 mL vial was added 54.5 mg (E)-1,2-bis(4-
methoxyphenyl)diazene (0.5 eq., 0.225 mmol), 9.0 mg [py2Cl2TiNPh]2 (0.03 eq., 
0.012 mmol), 370 mg tert-butyl((4-methoxyphenyl)ethynyl)dimethylsilane (4.1w) 
(3.3 eq., 1.5 mmol), 73.0 mg 1-methoxy-4-(prop-1-yn-1-yl)benzene (4.2d) (1.1 eq., 
0.5 mmol), and 2.0 mL trifluorotoluene. The reaction was then sealed with a Teflon 
screw cap and heated at 115 ℃ in the glovebox for 24 hours. The solution turned dark 
green after the reaction.  
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To the reaction mixture 560.0 mg freshly made 2-iodoxybenzoic acid (IBX) 
(4.4 eq., 2.0 mmol) was added. After being stirred at 45 ℃ for 48 hours, the reaction 
was tracked by GC-FID and the extra amount of IBX was added if the oxidation was 
not completed. The precipitate was filtered out and the brown filtrate was concentrated 
in the vacuo. The brown oil was subjected to a flash silica column chromatography 
using 10% acetone/petroleum ether. (Note: the purity of unstabilized IBX, which 
decomposes easily at ambient temperature and thus needs to be used right after 
synthesis, can affect the yield of compound 4.14wd.) 
 
After crude purification, to the crude yellow solid in 2.0 mL THF TBAF 
solution (1.0 M, 0.8 mL, 1.6 eq., 0.8 mmol) was added. The mixture was stirred for 
30 minutes at ambient temperature and then quenched by DI water. The mixture was 
washed by water (2 mL x 2) and the organic fraction was dried by Na2SO4 and 
concentrated in the vacuo. The crude yellow oil was purified by silica column 
chromatography using first 500 mL of 14% acetone/petroleum ether mixture and then 
flush out the product by 20% acetone/petroleum ether to give a white solid (50.2 mg, 
24% yield). 1H NMR (400 MHz, CDCl3): δ 9.49 (s, 1H, -CH=O), 7.34 (d, 
3JHH = 8.6 
Hz, 2H), 7.25 (d, 3JHH = 8.4 Hz, 2H), 7.09 (d, 
3JHH = 8.3 Hz, 2H), 7.08 (s, 1H, H-NC4), 
6.96 (d, 3JHH = 8.7 Hz, 2H), 6.89 (d, 
3JHH = 8.4 Hz, 2H), 6.78 (d, 
3JHH = 8.5 Hz, 2H), 
3.85 (s, 3H), 3.83 (s, 3H), 3.77 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 180.25, 
159.32, 159.31, 158.45, 136.59, 132.76, 132.23, 129.48, 129.32, 128.91, 127.25, 
126.13, 125.12, 124.84, 114.09, 113.98, 113.83, 55.64, 55.37, 55.32 ppm. Spectral 





Figure 4.58. 1H NMR spectra of 4.15wd in CDCl3. Taken from JC08116B1. 
 
4.5.7. No-D NMR Spectra and GC Determination of the Reaction Yields 
General Procedure 
To an NMR tube was added azobenzene (0.045 mmol, 1 eq.), 0.01 mmol Ti 
catalysts (0.1 eq.), 0.02 mmol triphenylmethane (internal standard) (0.2 eq.), 0.1-0.2 
mmol trimethylsilyl alkyl/aryl acetylenes (4.1) (1-2 eq.), 0.1 mmol hydrocarbon-
based acetylenes (4.2) (1 eq.), and 0.5 mL trifluorotoluene. GC chromatographs were 
collected on Agilent 7890B GC system with the HP-5 column (30m, 0.32 mm, 0.25 
mm, 7 inch cage). No-D 1H NMR spectra were collected on Bruker Avance III HD 
NanoBay 400 MHz and referenced to the proton signal of triphenylmethane (Ph3CH, 
ppm = 5.0) at a delay time = 27 and acquisition time = 3. The reaction was then 
sealed, heated at 115 ℃ and monitored by NMR until the full consumption of 
azobenzene. An aliquot of the reactions was diluted by dichloromethane, quenched 
by acidic methanol, washed with DI water and analysed by GC-Polyarc®/FID 
methanation reactor-detector for quantitative carbon detection which then is used to 
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calculate the yield and selectivity (peaks were identified by GC-MS).202-203 The yield 
is calculated from the number of moles of azobenzene and the selectivity is calculated 
from the total numbers of moles of all generated pyrroles, which includes both chemo- 
and regioselectivity.  
 
Sample quantity calculation determined by quantitative carbon detection:  
𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑖𝑦 𝑜𝑓 3𝑎𝑎
=  
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝟒. 𝟑𝒂𝒂
𝑐𝑎𝑟𝑏𝑜𝑛 # 𝑜𝑓 𝟒. 𝟑𝒂𝒂
×
𝑐𝑎𝑟𝑏𝑜𝑛 # 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
×  20 (𝜇𝑚𝑜𝑙) 
 





Figure 4.59. Representative no-D 1H NMR reaction of 4.1a and 4.2a in PhCF3 at Time = 0 




Figure 4.60. Representative quantitative GC-FID chromatograph of the reaction of 4.1a and 
4.2a in PhCF3 after acidic methanol quenching.  Taken from JC08040C. 
 





Figure 4.61. Representative no-D 1H NMR reaction of 4.1g and 4.2a in PhCF3 at Time = 0 





Figure 4.62. Representative quantitative GC-FID chromatograph of the reaction of 4.1g and 
4.2a in PhCF3 after acidic methanol quenching.  Taken from JC08041H1. 
 













4.1b/4.2a JC08041C 4.1a/4.2b JC08050D 4.1o/4.2b JC08062E 
4.1c/4.2a JC08041D 4.1a/4.2c JC08050E 4.1o/4.2c JC08062F 
4.1d/4.2a JC08153C 4.1a/4.2d JC08052A 4.1o/4.2d JC08062G 
4.1e/4.2a JC08041G 4.1a/4.2e JC08050L 4.1o/4.2e JC08062H 
4.1f/4.2a JC08041F 4.1a/4.2f JC08050K 4.1o/4.2g JC08062A 
4.1h/4.2a JC08041B 4.1a/4.2g JC08069A 4.1o/4.2h JC08062B 
4.1i/4.2a JC08041J 4.1a/4.2h JC08069B 4.1o/4.2i JC08062J 
4.1j/4.2a JC08041K 4.1a/4.2i JC08069C 4.1o/4.2j JC08062I 
4.1k/4.2a JC08041A 4.1a/4.2j JC08050H 4.1o/4.2k JC08062K 
4.1l/4.2a JC08041I 4.1a/4.2k JC08050J 4.1o/4.2l JC08062L 
180 
 
4.1m/4.2a JC08041L 4.1a/4.2l JC08050M 4.1o/4.2m JC08062D 
4.1n/4.2a JC08042C 4.1a/4.2m JC08050I 4.1o/4.2n JC08062M 
4.1o/4.2a JC08042A 4.1a/4.2n JC08052G 4.1o/4.2o JC08063A 
4.1p/4.2a JC08042E 4.1a/4.2o JC08051A 4.1o/4.2p JC08063C 
4.1q/4.2a JC08042G 4.1a/4.2p JC08051C 4.1o/4.2q JC08062F 
4.1r/4.2a JC08042D 4.1a/4.2q JC08051G 4.1o/4.2r JC08063D 
4.1s/4.2a JC08042B 4.1a/4.2r JC08051D 4.1o/4.2s JC08063E 
4.1t/4.2a JC08153F 4.1a/4.2s JC08051F   
4.1u/4.2a JC08101B     






Dative Directing Group Effects in Ti-Catalyzed [2+2+1] Pyrrole Synthesis: Chemo- 
and Regioselective Alkyne Heterocoupling 
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Transient dative substrate-Ti interactions have been found to play a key role in 
controlling the regioselectivity of alkyne insertion and [2+2] cycloaddition in Ti-catalyzed 
[2+2+1] pyrrole synthesis and Ti-catalyzed alkyne hydroamination. TMS-protected 
alkynes with pendent Lewis basic groups can invert the regioselectivity of TMS-protected 
alkyne insertion, leading to the selective formation of highly substituted 3-TMS pyrroles. 
The competency of various potential directing groups was investigated, and it was found 
that the directing group effect can be tuned by modifying the catalyst Lewis acidity, the 
directing group basicity, or the directing group tether length. Dative directing group effects 
are unexplored with Ti catalysts, and this study demonstrates the potential power of dative 
substrate-Ti interactions in tuning selectivity.  
 
5.2. Introduction 
Highly substituted pyrroles are important components of many bioactive natural 
products, drug candidates, and FDA-approved drugs.152, 228-230 Recently, we have reported 
several multicomponent formal [2+2+1] pyrrole syntheses from alkynes and diazenes or 
azides (Figure 1).55, 57, 175, 231-232 These methods provide facile, modular access to highly 
substituted pyrrole cores that are otherwise challenging to synthesize.  
Attaining regio- and chemoselectivity can be inherently difficult [2+2+1] 
cycloaddition reactions such as our Ti-catalyzed pyrrole synthesis or the Pauson-Khand 
reaction.79-80 Previous studies demonstrated that the selectivity of Ti-catalyzed alkyne 
coupling is driven by intrinsic alkyne stereoelectronic properties, and this  substrate-driven 
selectivity results in a statistical mixture of regioisomers.55 In Chapter 4, we discovered 
that the heterocoupling of TMS-protected alkynes can occur with exceptional 
regioselectivity, yielding 2-TMS pyrroles (Figure 5.1, top).231 These reactions are highly 
selective due to the electronic properties of the TMS-protected alkynes: they do not easily 
undergo the [2+2] cycloadditions with Ti=NR imidos, but rapidly (because of their 
electron-richness) and regioselectively (because of the thermodynamic -Si effect185-189, 
195-197, 231) insert into azatitanacyclobutenes. This protocol can access all possible penta- 
and tetrasubstituted pyrrole substitution patterns except for 1,2,3,5-tetrasubstitution. 
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An alternative strategy for regiocontrol is to use heteroatom-based directing groups 
to enforce selectivity. For example, sulfur and nitrogen-substituted alkenes have been used 
in the cobalt catalyzed [2+2+1] Pauson-Khand reaction to direct the product 
regioselectivity.87-89 This method has further been applied to the formal synthesis of 
Prostaglandin A2.90 Removable directing groups have also been used in the Pauson-Khand 
reaction, notably by using silicon-tethered pyridinyl vinyl silanes which could go through 
facile hydrolytic desilylation.92-93     
Pendent alkoxide directing groups have been used extensively in Ti-catalyzed and 
mediated reactions to engender regio-, chemo- and enantioselective transformations.86 For 
example, Sharpless’ catalytic asymmetric alkene epoxidation relies on alkoxide directing 
groups to engender enantiofacial selectivity,85 while more recently Micalizio has used 
alkoxides to direct alkyne insertion regioselectivity in Ti-mediated reductive coupling 
reactions (Figure 5.1, middle)196-197, 233-236 and Burns has used alkoxides to direct 
stereoselective alkene dihalogenation and haloazidation reactions.237-240  Alkoxide-directed 
coupling reactions have also served as a platform for heterocycle syntheses, such as 




Figure 5.1. Top: general overview of directing groups in Ti catalyzed/mediated chemistry; 
Bottom: Ti-catalyzed [2+2+1] pyrrole synthesis and methods for chemo- and regioselective 
alkyne heterocoupling. 
 
To exert complete regiocontrol over multisubstituted pyrrole synthesis, we have 
undertaken a study of pendent directing group effects in Ti-catalyzed [2+2+1] pyrrole 
synthesis (Figure 5.1, bottom), envisioning that it would be possible to reverse the 
regiochemical course of the reaction. In contrast to anionic directing groups, the use of 
dative directing groups in titanium catalysis is unexplored. However, we envisioned that 
transient dative donor interactions could promote chemo- and regioselective reactions 
while also undergoing the facile ligand exchange needed for productive redox catalysis. In 
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this chapter, we report that TMS-protected alkynes with pendent Lewis basic groups can 
invert the regioselectivity of TMS-protected alkyne insertion in Ti-catalyzed [2+2+1] 
pyrrole synthesis. This demonstrates that a dative directing group effect can override the 
substrate’s intrinsic selectivity. These reactions lead to the formation of 3-TMS-substituted 
pyrroles, which can be used in complex molecule synthesis. 
 
5.3. Result and Discussion 
5.3.1. Condition Optimization  
Unlike other TMS-protected alkynes, the [2+2+1] heterocouplng of ((2-
methoxyphenyl)ethynyl)trimethylsilane (5.1a) with phenylpropyne (5.2a) was remarkably 
unselective for 5.6a, giving a 1.1:1 ratio of 5.5a:5.6a (Table 5.1, Entry 1).231 We speculated 
that the increased yield of  5.5a was a result of the o-OMe group precoordinating to Ti and 
directing 2nd alkyne insertion in a manner opposite the electronic properties of the alkyne 
(Figure 5.2).  
 
Figure 5.2. Initial observation of a directing group effect in Chapter 4: o-Me substituted 
aryl alkynes (5.1a) have poor selectivity for electronically preferred 2nd insertion product 
5.6a. 
 
Thus, we sought to find conditions that favored the directed 3-TMS product 5.5a. 




244 to promote stronger coordination of the o-OMe group. This increased the 5.5a:5.6a-
TMS ratio to 5.5:1 (Table 5.1, Entry 2). Lowering the reaction temperature further 
improved the selectivity, giving regioisomeric ratios > 10.5:1 (Table 5.1, Entries 2-5). At 
lower temperatures dissociation of the o-OMe is likely slowed, resulting in formation of 
the kinetically preferred metallacycle leading to 5.5a over 5.6a.231 In our previous studies 
of TMS-alkyne heterocouplings, chemoselectivities were good at a 1:1 ratio of the two 
alkynes, but from a practical perspective we found it better to use an excess of the TMS-
alkyne in order to make product separations more simple. However, here reducing the 
equivalents of 5.1a had little effect on yield or selectivity, indicating that the directing 
group effect can more effectively outcompete 5.2a homocoupling (Entry 6). Thus, the 
conditions in entry 6 were deemed optimized.    
The directing effect was explored on a range of TMS-protected alkynes with 
pendent Lewis basic functionality (Table 5.2). The optimized conditions from Table 5.1 
were used (Condition A), along with the prior conditions for TMS-alkyne heterocoupling 
catalysis231 (Condition B).  
Table 5.1. Optimization of reaction conditions to promote directed alkyne 
insertion.a 
 
Entry T (℃) X eq. Time (h) Y (%) Yield of 5.5ab 
(%) 
Ratio of 5.5a/5.6ab 
1c 115 2 2 10 51 1.1 
2 115 2 1 10 76 5.5 
3 80 2 1 10 81 7.2 
4 60 2 2 10 79 8.8 
5 60 1 2 10 67 9.3 
6 45 2 24 10 74 10.5 
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7 45 1 24 10 74 10.3 
aA mixture of 0.1-0.2 mmol 1a, 0.1 mmol 2a, 0.225 mmol PhNNPh, 0.0025-0.01 mmol (THF)3TiI2(NPh) 
and 0.01 Ph3CH (internal standard) in 0.5 mL CF3Ph were heated at desired temperature and time. bYield and 
selectivity are determined by 1H NMR and reported with respect to 2a. cReported in Ref 231 with 
[py2TiCl2(NPh)]2 as catalyst. 
 
5.3.2. Substrate Scope of Directing Groups 
First, substrates containing O-atom donors (5.1a-5.1h) were tested (Table 5.2). 
Substrates that can form 5 membered chelates upon 2nd insertion such as 5.1a, vinyl methyl 
ether 5.1b, and homopropargylic ethers 5.1c and 5.1d are excellent directing groups with 
the more Lewis acidic catalyst THF3TiI2(NPh) (Condition A), giving high regioselectivity 
and yields of pyrroles 5.3a-5.3d. Directing group effects are observed whether the 2-C 
linker is sp2 (5.1a, 5.1b) or sp3 (5.1c, 5.1d) hybridized. Substrates 5.1b-5.1d are 
significantly less selective with the less Lewis acidic catalyst [py2TiCl2(NPh)]2, although 
in the case of 5.1d acceptable regioselectivity for 5.3d is still obtained. Phenyl ether 5.1h, 
which also contains a 2-C linker, manifests no directing group effect—presumably due to 
a combination of the weaker aryl ether donor O and increased rotational degrees of freedom.  
In contrast to 2-C linkers, shorter (1-C) linkers such as propargylic ethers (5.1e) 
and acetals (5.1f) do not yield productive reactivity due to C-O bond decomposition.245 
Longer (3-C) linkers (5.1g) display no directing group effect, but are still competent for 
heterocoupling to the 2-unsubstituted pyrrole (5.4g). 
Next, other Lewis basic heteroatom donors were examined. Arenes with an ortho 
–SMe (5.1i) or –NMe2 (5.1j) couple with high regioselectivity to the directed products 5.3i 
and 5.3j. The less basic and softer –SMe group (5.1i) directed to higher regioselectivity 
(20:1) than harder –OMe (5.1a, 9.3:1) and –NMe2 (5.1j, 8.0:1), which is unexpected due 
to the preference of TiIV for harder ligands. Given the sensitivity to chelate size observed 
with O-atom donors, the increased regioselectivity in 5.1i may be a function of the S atomic 
size and resulting chelate angles of the S-containing ring.  
Tertiary aryl amine 5.1j displays good directing ability, although aliphatic pendent 
tertiary amines (5.1l, 5.1n) do not. This may be due to an increase in tether flexibility 
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coupled with the sterics of the 3 amine. Nonetheless, these substrates do not inhibit 
catalysis and are selective for heterocoupling to products 5.4l and 5.4n. Aryl fluorides 
(5.1k), alkyl thioethers (5.1m), and thioacetals (5.1o) give high yields of the non-directed 
products 5.4k, 5.4m, and 5.4o with [py2TiCl2(NPh)]2, which is more functional group 
tolerant than THF3TiI2(NPh) owing to reduced Lewis acidity.   
Heterocyclic substituent reactivity is strongly dependent on the heterocycle 
basicity.246 N-methylimidazole (5.1s) is too basic and inhibits catalysis for both 
THF3TiI2(NPh) and [py2TiCl2(NPh)]2 reactions through coordination to Ti. Pyridine (5.1p), 
which is a reasonably strong heterocyclic base but less basic than 5.1s, inhibits catalysis 
with the more Lewis acidic THF3TiI2(NPh), but acts as a directing group and yields high 
regioselectivity (19:1) with [py2TiCl2(NPh)]2. Thiazole (5.1q), which is less basic than 
pyridine, acts as a selective directing group (5.2:1) with THF3TiI2(NPh), but not with the 
less Lewis-acidic [py2TiCl2(NPh)]2 (0.5:1). Benzoxazole (5.1r), which is similar to 
thiazole 5.1q in basicity, yields similar selectivities but poor yields due to C-O bond 
cleavage, similar to other propargylic O-functional groups (5.1e, 5.1f). Very weakly basic 
furan (5.1t) and thiophene (5.1u) pendants are not strong enough to serve as directing 
groups with either catalyst but still yield normal heterocoupled products 5.4t and 5.4u.  
 







aCondition A: A mixture of 0.5 mmol 1 (1.1 eq.), 0.5 mmol 2 (1.1 eq), 0.225 mmol PhNNPh (0.5 eq.) and 
0.05 mmol THF3I2Ti(NPh) (0.1 eq.) in 2.5 mL CF3Ph was heated for 2 hours. Reactions were quenched 
with 2 M HCl in MeOH; bCondition B: A mixture of 1.0 mmol 1 (2.2 eq.), 0.5 mmol 2 (1.1 eq), 0.225 
mmol PhNNPh (0.5 eq.) and 0.025 mmol [py2Cl2TiNPh]2 (0.05 eq.) in 2.5 mL CF3Ph was heated for 3 
hours. Reactions were quenched with 2 M HCl in MeOH; c 1Isolated and/or NMR yield of major 
regioisomer drawn and are reported with respect to 2a.  dReaction run at 80 °C; eReaction run at 115 °C. 
 
5.3.3. Various Coupling Partners with Directing Group Effects 
Internal alkyne 5.1w is also suitable for directed heterocoupling, giving 5.3w in 
moderate yield (Figure 5.3). This takes advantage of the extreme sensitivity of [2+2] 
cycloaddition to substrate sterics as well as the directing group effect in 2nd alkyne insertion. 
However, the window for success is narrow: less sterically encumbered alkynes (5.1v) 
predominantly homocouple due to their higher reactivity, while more sterically 
encumbered internal alkynes (5.1x) are too hindered even for 2nd insertion, and thus yield 
mainly pyrrole products of PhCCMe homocoupling.  
 
 Figure 5.3. Directing group effects on internal alkyne heterocoupling. 
 
Other internal alkynes can also serve as [2+2] partners along with directing group-
tethered TMS alkynes. For example, reaction of 3-hexyne (5.2b) maintains good chemo- 
and regioselectivity to form 5.3ab, albeit with a longer reaction time (Figure 5.4, top). 
Additionally, internal alkynes with appended directing groups such as 5.1v—which 
typically would undergo rapid homocoupling (vide supra)—can be heterocoupled with 
TMS alkynes with pendent strong directing groups such as 5.1p to form products such as 
5.3pv (Figure 5.4, bottom). Unfortunately, all heterocoupling attempts with terminal 
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alkynes have failed; these alkynes appear to be too reactive and instead undergo either 
alkyne trimerization or pyrrole formation via homocoupling. 
 
Figure 5.4. Directed heterocoupling with other internal alkyne [2+2] partners. 
 
5.3.4. Total Synthesis of a Drug Candidate 
[2+2+1] directed heterocoupling can enable facile synthesis of pyrrole-containing 
EP1 antagonist derivatives (Figure 5.5).
229, 247-249 These moieties are typically synthesized 
through classical Paal-Knorr syntheses, and require multistep pyrrole construction 
followed by post-functionalization of the pyrrole core to introduce more intricate 
substitution patterns247-248 such as the 2-methyl-1,3,5-triaryl core of 5.8y. Benzyl aryl 
ethers like that in 5.8y do not serve as directing groups in the [2+2+1] reaction, but o-Me 
derivative 5.1y is a deprotectable surrogate. Directed [2+2+1] heterocoupling of 5.1y with 
5.2a and (p-BrPh)2N2 gives methoxy-protected 5.3y, which can be deprotected to phenol 
5.7y prior to benzylation to 5.8y in 22% overall yield (Figure 5.5). The advantage of this 
protocol is that the [2+2+1] reaction is widely tolerant of substitution on both azobenzene57 




Figure 5.5. Synthesis of an EP1 antagonist derivative 5.8y. 
 
5.3.5. Directing Group Effects on the [2+2] Cycloaddition 
In addition to alkyne insertion, directing group effects can also be seen during the 
[2+2] cycloaddition step (Figure 6). For example, reaction of 5.1z under catalytic 
conditions results in exclusive formation of 5.9z. In contrast, the reaction of 1-
phenylpropyne gives a mixture of all 3 possible regioisomers.55,57, 59, 182, 250 Since 5.1z has 
little steric or electronic bias for [2+2] cycloaddition or insertion, it is likely that the –OMe 
group directs the [2+2] cycloaddition. Similarly, reaction of 5.1v results exclusively in 




Figure 5.6. Substrate-directed regioselective pyrrole formation via alkyne homocoupling.  
 
Having established that directing groups can influence the regiochemistry of [2+2] 
cycloaddition, the possibility of performing substrate-directed Ti-catalyzed alkyne 
hydroamination was explored.251 Reaction of electronically unbiased substrate 5.1z with 
aniline resulted in selective formation of 5.10z, after directed [2+2] cycloaddition and 
protonolysis of the metallacycle by aniline (Figure 5.7). This reaction represents the first 
example of Ti-catalyzed directed alkyne hydroamination, and yields electronically 
unbiased dissymmetric ketones that are difficult to synthesize selectively via Wacker 
oxidation of internal alkenes.252-257 It is notable that weakly Lewis-basic dialkyl ether of 
5.1z is capable of directing selective alkyne [2+2] cycloaddition despite stoichiometric 
quantities of aniline. 
 






In summary, we have shown that TMS-protected alkynes with pendent Lewis basic 
groups can invert the regioselectivity of TMS-protected alkyne insertion, leading to 
selective formation of highly substituted 3-TMS pyrroles. This method provides a 
complementary approach to regioselective [2+2+1] pyrrole formation and also 
demonstrates how dative substrate-Ti interactions can influence—and, importantly, tune—
regioselectivity through directing group effects, which was previously unexplored in Ti 
catalysis.  
The inverse regioselectivity highly depends on the coordinating strength of the 
functional groups, the tether length, and the Lewis acidity of the Ti catalyst. These effects 
work in concert, providing a high degree of tunability of the pyrrole regiochemistry. 
Balancing the directing group Lewis basicity with the catalyst Lewis acidity is critical for 
catalysis: too strong of an acid-base pairing inhibits catalysis, while too weak of a pairing 
results in formation of 2-TMS pyrrole 5.4 instead of the 3-TMS pyrrole 5.3. Further, we 
have shown that dative directing group effects can also play a role in other Ti-catalyzed 
reactions such as alkyne hydroamination, which leads to the selective formation of 
electronically unbiased imines/ketones via directed [2+2] alkyne/Ti=NR cycloaddition. 
This work will provide a basis for the development of other, selective Ti-catalyzed 
reactions that can exploit transient dative interactions, expanding directed Ti catalysis 
beyond classical alkoxide directing groups. 
 
5.5. Experimental Sections 
5.5.1. General Considerations 
All air- and moisture-sensitive compounds were manipulated in a glovebox 
under a nitrogen atmosphere. The solvent, PhCF3, was predried in a Pure Process 
Technology Solvent System and passed through activated basic alumina before 
being used. All high-boiling liquid reagents were freeze pump-thawed three times, 
brought into the glovebox, diluted in hexanes or diethyl ether, passed through 
activated basic alumina, pumped dry in vacuo and checked by 1H NMR in CDCl3 to 





methoxyphenyl)ethynyl)trimethylsilane (5.1a), 2-((trimethylsilyl)ethynyl)pyridine 
(5.1p)231, trimethyl(thiophen-2-ylethynyl)silane (5.1u)231, 1-methoxy-2-(prop-1-yn-
1-yl)benzene (5.1v)231, and (E)-1,2-bis(4-bromophenyl)diazene55 were prepared 
according to reported procedure. 1-Phenyl-1-propyne (5.2a) and 3-hexyne (5.2b) 
were purchased from Sigma-Aldrich. Azobenzene was purchased from TCI 
Chemicals and purified by dissolving it in hexanes and washing with water. The 
organic layer was collected, dried over Na2SO4, and the solvent was removed in 
vacuo.  
1H, 13C, 1H-13C and 1H-15N HMBC, NOESY, and No-D 1H NMR spectra 
were collected on Bruker Avance III HD NanoBay 400 MHz, Bruker Avance III HD 
500 MHz, or Varian Inova 500 MHz spectrometers. High-resolution mass spectra 
were collected on Agilent 7200 GC/QTOF-MS, Bruker BioTOF II ESI/TOF-MS, or 
AB-Sciex 4800 MALDI/TOF-MS. Chemical shifts are reported with references of 
residual protio-solvent impurity: 1H (s, 7.16 ppm for C6D5H; s, 7.27 for ppm CHCl3), 
13C (t, 128.39 ppm for C6D6; t, 77.23 ppm for CDCl3). No-D NMR spectrum were 
referenced to the proton signal of the internal standard triphenylmethane (Ph3CH, 
ppm = 5.0) at a delay time = 30 seconds and acquisition time = 5 seconds.   
 
5.5.2. Reaction Condition Optimization (Table 5.1) 
In a glovebox, to an NMR tube was added PhNNPh (8.2 mg, 0.045 mmol, 0.45 
eq.), (THF)3I2TiNPh (6.1 mg, 0.01 mmol, 0.1 eq.), ((2-
methoxyphenyl)ethynyl)trimethylsilane (5.1a) (20.4-40.8 mg, 0.1-0.2 mmol, 1-2 eq.), 
phenylpropyne (5.2a) (11.6 mg, 0.1 mmol, 1. eq.), triphenylmethane (4.9 mg, 0.02 
mmol, 0.2 eq.) as the internal standard, and 0.5 mL PhCF3. The NMR tube was sealed 
and brought out of the glovebox, and a t = 0 h No-D 1H NMR spectrum was taken. 
The NMR tube was heated at 45-115 °C in an oil bath. The reaction was tracked by 
No-D 1H NMR spectra until the full consumption of PhNNPh. Yields are reported 




Figure 5.8. Example no-D 1H NMR spectrum of the optimization in PhCF3 at Time = 
1 h (top), Time = 0 h (bottom) (Table 5.1, entry 2). Taken from JC08123A. 
 
5.5.3. Substrate Synthesis 
General Procedure for (Trimethylsilyl)ethynyl Arenes 
 
Aryl chloride, bromide or iodide (10 mmol, 1 eq.) was added to a 100 mL 
Schlenk flask with CuI (19 mg, 0.1 mmol, 0.01 eq.) and Pd(PPh3)2Cl2 (35 mg, 0.05 
mmol, 0.005 eq.). Diisopropylamine (50 mL) was charged under nitrogen and the 
mixture was degassed 3 times. The terminal alkyne (22 mmol, 1.1 eq.) was added 
via syringe. The reaction was stirred overnight under reflux (aryl chloride and 
bromide) or at ambient temperature (aryl iodide), and monitored by 1H NMR to 
ensure all the aryl halides were consumed. If there were any unreacted aryl halides, 
an extra equivalent of ethynyltrimethylsilane would be added. After the reaction 
completed, the mixture was filtered through a sintered glass frit and the filtrate was 
collected and concentrated. The residue was purified by passing through an alumina 
plug eluted by hexanes and concentrated in vacuo. The crude product was purified 
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by either distillation under reduced pressure, silica gel flash chromatography, or 
recrystallization from cold methanol to yield the desired product.     
 
Methyl(2-(prop-1-yn-1-yl)phenyl)sulfane (5.1i) 2-Iodothioanisole was purchased 
from Oakwood Chemical. Purification was carried out by distillation under 
reduced pressure. Colorless oily solid, 68% yield. 1H NMR (CDCl3, 500 MHz): δ 
7.41 (d, 3JHH = 7.6 Hz, 1H), 7.28 (d, 
3JHH = 7.6 Hz, 1H), 7.13 (d, 
3JHH = 8 Hz, 1H), 
7.06 (t, 3JHH = 7.5 Hz, 1H), 2.48 (s, 3H), 0.28 (s, 9H) ppm. Spectral data was 
consistent with literature values.258 The data is saved in JC08082A. 
N,N-Dimethyl-2-((trimethylsilyl)ethynyl)aniline (5.1j) 2-Iodothioanisole was 
synthesized according to literature procedure259 starting from 2-iodoaniline purchased 
from Oakwood Chemical. Purification was carried out by distillation under reduced 
pressure. Colorless liquid, 47% yield. 1H NMR (CDCl3, 500 MHz): δ 7.41 (dd, 
3JHH 
= 6.7, 2.3 Hz, 1H), 7.22 (ddd, 3JHH = 8.4, 7.3, 
4JHH = 1.6 Hz, 1H), 6.86 (d, 
3JHH = 
8.3Hz, 1H), 6.82 (dt,  3JHH = 7.6, 
4JHH = 0.7 Hz, 1H), 2.95 (s, 6H), 0.25 (s, 9H) ppm. 
Spectral data was consistent with literature values.260 The data is saved in JC08073A. 
((2-Fluorophenyl)ethynyl)trimethylsilane (5.1k) 1-Fluoro-2-iodobenzene was 
purchased from Oakwood Chemical. Purification was carried out by distillation 
under reduced pressure. Pale yellow solid, 94% yield (96% purity). 1H NMR 
(CDCl3, 500 MHz): δ 7.45 (dt, 
3JHH = 7.4, 
4JHH = 1.8 Hz, 1H), 7.31-7.26 (m, 1H), 
7.09-7.03 (m, 2H), 0.27 (s, 9H) ppm. Spectral data was consistent with literature 
values.261 The data is saved in JC09015A. 
2-((Trimethylsilyl)ethynyl)thiazole (5.1q) 2-Bromothiazole was purchased from 
Oakwood Chemical. Purification was carried out by silica gel column 
chromatography using 2.5 % EA/Hex eluent. Pale yellow oil, 38% yield. 1H NMR 
(CDCl3, 500 MHz): δ 7.80 (d, 
3JHH = 3.3 Hz, 1H), 7.33 (d, 
3JHH = 3.3 Hz, 1H), 0.28 
(s, 9H) ppm. Spectral data was consistent with literature values.262 The data is saved 
in JC09004A. 
2-((Trimethylsilyl)ethynyl)benzo[d]oxazole (5.1r) 2-Chlorobenzo[d]oxazole was 
purchased from Oakwood Chemical. Purification was carried out by silica gel column 
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chromatography using 2.5 % EA/Hex eluent. Brown solid, 37% yield. 1H NMR (CDCl3, 
500 MHz): δ 7.73 (d, 3JHH = 7.7 Hz, 1H), 7.51 (d, 
3JHH = 8.0 Hz, 1H), 7.42-7.35 (m, 
2H), 0.32 (s, 9H) ppm. Spectral data was consistent with literature values.263 The 
data is saved in JC09003A. 
1-Methyl-2-((trimethylsilyl)ethynyl)-1H-imidazole (5.1s) 1-Methyl-2-
iodoimidazole was synthesized according to literature procedure264 from 1-
methylimidazole purchased from Oakwood Chemical. Purification was carried out 
by silica gel column chromatography using 75 % EA/Hex eluent. Dark solid, 7% yield. 
1H NMR (CDCl3, 500 MHz): δ 7.01 (s, 1H), 6.87 (s, 1H), 3.71 (s, 3H), 0.26 (s, 9H) ppm. 
Spectral data was consistent with literature values.265 The data is saved in 
XYS04140. 
(Furan-2-ylethynyl)trimethylsilane (5.1t) 2-Iodofuran was synthesized according 
to literature procedure266  from furan purchased from Oakwood Chemical. 
Purification was carried out by silica gel column chromatography using 3 % EA/Hex 
eluent. Light brown oil (color due to minor decomposition), 30% yield. 1H NMR (400 
MHz, CDCl3): δ 7.36 (dd, 1H, 
3JHH = 1.8 Hz and 
4JHH = 0.6 Hz, o-C5-H), 6.60 (dd, 1H, 
3JHH = 3.4 Hz and 
4JHH = 0.6 Hz, m-C3-H), 6.36 (dd, 1H, 
3JHH = 3.4 Hz and 
3JHH = 1.9 Hz, 
m-C4-H), 0.25 (s, 9H, TMS) ppm. Spectral data was consistent literature values.267 The 
data is saved in XYS04124. 
Methoxy-2-(3-methylbut-1-yn-1-yl)benzene (5.1w) 2-Iodoanisole was purchased 
from Oakwood Chemical. Purification was carried out by distillation under reduced 
pressure. Colorless oil, 75% yield (98% purity). 1H NMR (CDCl3, 400 MHz): δ 7.37 
(d, 3JHH = 7.5 Hz, 1H), 7.22 (dt, 
3JHH = 7.4, 
4JHH = 0.9 Hz, 1H), 6.89-6.84 (m, 2H), 
3.87 (s, 3H), 2.85 (sept, 3JHH = 6.9 Hz, 1H), 1.28 (d, 
3JHH = 6.9Hz, 6H) ppm. 13C 
NMR (CDCl3, 100 MHz): δ 159.9, 133.9, 129.0, 120.5, 113.2, 110.7, 100.2, 75.9, 
56.0, 23.3, 21.6 ppm. GC-HRMS: calculated for C12H14O [M
+] 174.1045; found 
174.1033. The data is saved in JC08142A. 
1-(3,3-Dimethylbut-1-yn-1-yl)-2-methoxybenzene (5.1x) 2-Iodoanisole was 
purchased from Oakwood Chemical. Purification was carried out by distillation 
under reduced pressure. Pale yellow oil, 16% yield. 1H NMR (CDCl3, 500 MHz): δ 
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7.35 (dd, 3JHH = 7.6, 
4JHH = 1.6 Hz, 1H), 7.22 (ddd, 
3JHH = 8.4, 7.6, 
4JHH = 1.7 Hz, 
1H), 6.88-6.83 (m, 2H), 3.86, (s, 3H), 1.34 (s, 9H) ppm. Spectral data was consistent 




Iodophenol was synthesized according to literature procedure269 from 2-iodophenol 
purchased from Oakwood Chemical. The obtained phenol was used without further 
purification. The 4-bromo-2-Iodophenol was reacted with iodomethane (0.68 mL, 
11 mmol, 1.1 eq.) in the presence of K2CO3 (2.76 g, 20 mmol, 2 eq.) in acetone at 
ambient temperature. When full consumption of the starting phenol was apparent by 
1H NMR, the reaction was diluted with water and extracted by diethyl ether. The 
resulting 4-bromo-2-Iodoanisole was purified through a short plug of silica gel with 
hexanes eluent. After the Sonogashira coupling reaction, the crude oil was purified 
by silica gel column chromatography with 2% EA/hexanes eluent to give a white 
solid (50% overall yield with respect to 2-iodophenol). 1H NMR (CDCl3, 400 MHz): 
δ 7.54 (d, 4JHH = 2.5 Hz, 1H), 7.36 (dd, 
3JHH = 8.8, 
4JHH = 2.5 Hz, 1H), 6.72 (d, 
3JHH 
= 8.9 Hz, 1H), 3.86, (s, 3H), 0.26 (s, 9H) ppm. 13C NMR (CDCl3, 101 MHz): δ 
159.6, 136.5, 132.8, 114.5, 112.4, 112.2, 100.3, 99.7, 56.3, 0.1 ppm. GC-HRMS: 
calculated for C12H5OBrSi [M
+] 282.0076; found 282.0049. The data is saved in 
JC09044B. 
 





Terminal alkyne (30 mmol) was deprotonated in dry THF (20 mL) by n-BuLi 
solution (2.5 M, 12.6 mL, 31.5 mmol, 1.05 eq.) slowly at -78 C under nitrogen. 
After the slow addition, the mixture was allowed to warm up to ambient temperature 
for 30 minutes. To the mixture, chlorotrimethylsilane (4.2 mL, 33 mmol, 1.1 eq.) 
was added at -78 C under nitrogen. The reaction was stirred overnight at ambient 
temperature and quenched with saturated NH4Cl solution then extracted with 
hexanes (30 mL x 3). The mixture was concentrated, and the residue was distilled 
under reduced pressure to yield the pure product. 
 
(Z)-(4-Methoxybut-3-en-1-yn-1-yl)trimethylsilane (5.1b) The starting material 
(Z)-1-methoxybut-1-en-3-yne was synthesized from 1,4-dichloro-2-butyne 
according to literature procedure.270 Purification was carried out by distillation under 
reduced pressure. Colorless oil, 46% yield (containing 8% of the trans isomer). 1H 
NMR (CDCl3, 500 MHz): δ 6.26 (d, 
3JHH = 6.6 Hz, 1H), 4.56 (d, 
3JHH = 6.6 Hz, 1H), 
3.78 (s, 3H), 0.19 (s, 9H) ppm. Spectral data was consistent with literature values.271 
The data is saved in JC09032B. 
(4-(Benzyloxy)but-1-yn-1-yl)trimethylsilane (5.1c) The starting material ((but-3-
yn-1-yloxy)methyl)benzene was synthesized according to literature procedure.272 
from 3-butyn-1-ol purchased from Oakwood Chemical. Purification was carried out 
by distillation under reduced pressure. Colorless oil, 34% yield. 1H NMR (400 MHz, 
CDCl3): δ 7.35 (m, 4H), 7.33 – 7.27 (m, 1H), 4.56 (s, 2H), 3.60 (t, 3JHH = 7.1 Hz, 
2H,), 2.55 (t, 3JHH = 7.1 Hz, 2H), 0.15 (s, 9H, TMS) ppm. Spectral data was 
consistent with literature values.273 The data is saved in XYS04121. 
(4-Methoxybut-1-yn-1-yl)trimethylsilane (5.1d) The starting material 4-
Methoxybut-1-yne was synthesized according to literature procedure274 from 3-
butyn-1-ol purchased from Oakwood Chemical. Purification was carried out by 
distillation under reduced pressure. Colorless oil, 20% yield. 1H NMR (CDCl3, 500 
MHz): δ 3.51 (t, 3JHH = 7.2 Hz, 2H), 3.37 (s, 3H), 2.51 (t, 
3JHH = 7.2 Hz, 2H), 0.15 
(s, 9H) ppm. 13C NMR (CDCl3, 125 MHz): δ 103.7, 85.8, 71.0, 58.8, 21.2, 0.2 ppm. 
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GC-HRMS: calculated for C8H16OSi [M-H
+] 155.0892; found 155.0890. The data 
is saved in JC08125B. 
(3-(Benzyloxy)prop-1-yn-1-yl)trimethylsilane (5.1e) The starting material ((Prop-
2-yn-1-yloxy)methyl)benzene was synthesized according to literature procedure275 
from propargyl bromide purchased from Sigma-Aldrich. Purification was carried 
out by distillation under reduced pressure. Colorless oil, 60% yield. 1H NMR (500 
MHz, CDCl3): δ 7.37-7.31 (m, 5H), 4.61 (s, 2H), 4.17 (s, 2H), 0.20 (s, 9H) ppm. 
Spectral data was consistent with literature values.276 The data is saved in JC08130B. 
 (5-(Benzyloxy)pent-1-yn-1-yl)trimethylsilane (5.1g) The starting material ((pent-
4-yn-1-yloxy)methyl)benzene was synthesized according to literature procedure272 
from 4-pentyn-1-ol purchased from Oakwood Chemical. Purification was carried 
out by distillation under reduced pressure. Colorless oil, 34% yield. 1H NMR (400 
MHz, CDCl3): δ 7.35 – 7.34 (m, 4H, Ph-H), 7.30 – 7.27 (m, 1H, Ph-H), 4.51 (s, 2H, OCH2-
Ph), 3.57 (t, 3JHH = 6.3 Hz, 2H, OCH2-CH2CH2), 2.35 (t, 
3JHH = 7.1 Hz, 2H, OCH2CH2-
CH2), 1.82 (pent, 
3JHH = 6.7 Hz, 2H, OCH2-CH2-CH2), 0.14 (s, 9H, TMS) ppm. Spectral 
data was consistent with literature values.277 The data is saved in XYS04125. 
Trimethyl(4-phenoxybut-1-yn-1-yl)silane (5.1h) The starting material (but-3-yn-
1-yloxy)benzene was synthesized according to literature procedure278  from 3-butyn-
1-ol purchased from Oakwood Chemical. Purification was carried out by distillation 
under reduced pressure. Colorless oil, 53% yield. 1H NMR (CDCl3, 500 MHz): δ 
7.28 (3JHH, J = 8.0 Hz, 2H), 6.96 (t, 
3JHH = 7.3 Hz, 1H), 6.91 (
3JHH, J = 8.5 Hz, 2H), 
4.09 (t, 3JHH = 7.3 Hz, 2H), 2.72 (t, 
3JHH = 7.3 Hz, 2H), 0.17 (s, 9H) ppm. 13C NMR 
(CDCl3, 125 MHz): δ 158.6, 129.6, 121.2, 114.9, 102.8, 86.6, 66.2, 21.1, 0.2 ppm. 
GC-HRMS: calculated for C13H18OSi [M-H
+] 217.1049; found 217.1023. The data 
is saved in JC08124A. 
 N,N-Dibenzyl-4-(trimethylsilyl)but-3-yn-1-amine (5.1l)   The starting material 
N,N-dibenzylbut-3-yn-1-amine was synthesized according to literature procedure279 
from 3-butyn-1-ol purchased from Oakwood Chemical. Purification was carried out 
by distillation under reduced pressure. White solid, 37% yield. 1H NMR (CDCl3, 
500 MHz): δ 7.40 (d, 3JHH = 7.4 Hz, 4H), 7.31 (t, 




7.3 Hz, 2H), 3.62 (s, 4H), 2.69 (t, 3JHH = 7.2 Hz, 2H), 2.43 (t, 
3JHH = 7.2 Hz, 2H), 
0.15 (s, 9H) ppm. 13C NMR (CDCl3, 126 MHz): δ 139.8, 128.8, 128. 3, 127.0, 106.0, 
85.5, 58.2, 52.2, 18.7, 0.3 ppm. ESI-HRMS: calculated for C21H28NSi [M+H
+] 
322.1991; found 322.1986. The data is saved in JC08139C. 
 (3-(Butylthio)prop-1-yn-1-yl)trimethylsilane (5.1m)   The starting material 
butyl(prop-2-yn-1-yl)sulfane was synthesized according to literature procedure280 
from propargyl bromide purchased from Sigma-Aldrich. Purification was carried 
out by distillation under reduced pressure. Colorless liquid, 10% yield. 1H NMR 
(CDCl3, 500 MHz): δ 3.28 (s, 2H), 2.68 (t, 
3JHH = 7.4 Hz, 2H), 1.61 (pent, 
3JHH = 
7.7 Hz, 2H), 1.43 (hex, 3JHH = 7.5 Hz, 2H), 0.93 (t, 
3JHH = 7.4 Hz, 3H), 0.17 (s, 9H) 
ppm. 13C NMR (CDCl3, 126 MHz): δ 102.0, 87.8, 31.4, 31.3, 22.1, 20.4, 13.8, 3.3, 
0.1 ppm. GC-HRMS: calculated for C10H20SSi [M
+] 200.1055; found 200.1044. 
The data is saved in JC08146B. 
N,N-Dibenzyl-3-(trimethylsilyl)prop-2-yn-1-amine (5.1n)   The starting material 
N,N-dibenzylprop-2-yn-1-amine was synthesized according to literature 
procedure281 from propargyl bromide purchased from Sigma-Aldrich. Purification 
was carried out by distillation under reduced pressure. Colorless liquid, 71% yield. 
1H NMR (CDCl3, 500 MHz): δ 7.39 (d, 
3JHH = 7.1 Hz, 4H), 7.32 (t, 
3JHH = 7.3 Hz, 
4H), 7.25 (t, 3JHH = 7.3 Hz, 2H), 3.67 (s, 4H), 3.25 (s, 2H), 0.24 (s, 9H) ppm. Spectral 
data was consistent with literature values.282 The data is saved in JC08144B. 
 
Synthesis of (trimethylsilyl)ethynyl dioxane/dithiane 
 
Synthesis of (trimethylsilyl)propiolaldehyde for 5.1f and 5.1o. Trimethylsilyl 
acetylene (4.25 mL, 30 mmol) dry diethyl ether (20 mL) deprotonated by slow 
addition of an nBuLi solution (2.5 M, 12.6 mL, 31.5 mmol, 1.05 eq.) at -40 C under 
nitrogen. After the slow addition, the mixture was allowed to warm up to ambient 
temperature for 30 minutes. The mixture was then cooled back down to -40 C, and 
anhydrous N,N-dimethyl formaldehyde (4.27mL, 54 mmol, 1.8 eq.) was added 
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quickly nitrogen. The reaction was slowly warmed back to ambient temperature and 
stirred for 30 minutes. The reaction was then cooled to 0 C, and the mixture was 
poured into a buffer solution composed of KOH (6.73 g), H3PO4 (8.21 mL, 85%), 
and DI water (154 mL). The mixture was extracted with diethyl ether (50 mL x 3) 
and the organic layer was washed by DI water (50 mL) and brine (50 mL). The 
combined organic solution was dried over MgSO4 and concentrated on the rotatory 
evaporator. The crude product of 3-(trimethylsilyl)propiolaldehyde was used 
without further purification.  
 
((1,3-Dioxan-2-yl)ethynyl)trimethylsilane (5.1f) 3-(trimethylsilyl) 
propiolaldehyde was mixed with 1,3-propanediol (15 mL) and tosylic acid (0.7g) in 
toluene (15 mL) and the mixture was heated overnight in a Dean-Stark apparatus. 
The reaction mixture was washed with water (50 mL x 3) and the aqueous layer was 
extracted with diethyl ether (50 mL). The combined organics were then dried over 
MgSO4 and concentrated on the rotatory evaporator. The crude product was purified 
by alumina column chromatography using 10 % EA/Hex eluent to yield a colorless 
oil (10% yield). 1H NMR (400 MHz, CDCl3): δ 5.33 (s, 1H), 4.22-4.17 (m, 2H), 
3.84-3.79 (m, 2H), 1.99-1.91 (m, 1H), 1.60-1.54 (m, 1H), 0.19 (s, 9H) ppm. Spectral 
data was consistent with literature values.283 The data is saved in JC08118B. 
 
((1,3-Dioxan-2-yl)ethynyl)trimethylsilane (5.1o) 1o was synthesized according to 
literature procedure.284 The product was recrystallized from methanol to yield a 
colorless solid (12% yield). 1H NMR (500 MHz, CCl4): δ 4.35 (s, 1H), 3.17 (ddd, 
3JHH 
= 13.8, 10.5, 4JHH = 2.6 Hz, 2H), 2.65 (ddd, 
3JHH = 14.3, 6.1, 
4JHH = 2.9 Hz, 2H), 
3.84-3.79 (m, 2H), 2.06-1.91 (m, 2H), 0.19 (s, 9H) ppm. Spectral data was consistent 




1-Methoxyoct-3-yne (5.1z) The starting material 4-Methoxybut-1-yne was 
synthesized according to literature procedure274  from 3-butyn-1-ol purchased from 
Oakwood Chemical. The crude 4-Methoxybut-1-yne was purified by distillation 
under ambient pressure and used without further purification. 4-Methoxybut-1-yne 
(2.5 g, 30 mmol) in dry THF (20 mL) was then deprotonated by slow addition of an 
nBuLi solution (2.5 M, 12.6 mL, 31.5 mmol, 1.05 eq.) at -78 C under nitrogen. After 
the slow addition, the mixture was allowed to warm up ambient temperature for 30 
minutes. To this mixture, 1-bromobutane (3.54 mL, 33 mmol, 1.1 eq.) and NaI (0.90 
g, 6 mmol, 0.2 eq.) were added under nitrogen. The reaction was stirred at reflux for 
2 days. The mixture was quenched with D.I. water (30 mL) then extracted with 
diethyl ether (30 mL x 3). The organic layer was dried over MgSO4 and then 
concentrated. The residue was distilled under reduced pressure to yield a clear liquid 
(0.4 g, 9% yield). 1H NMR (CDCl3, 500 MHz): δ 3.47 (t, 
3JHH = 7.0 Hz, 2H), 3.37 
(s, 3H), 2.43 (tt, 3JHH = 7.0, 
4JHH = 2.4 Hz, 2H), 2.15 (tt, 
3JHH = 7.0, 
4JHH = 2.4 Hz, 
2H) 1.49-1.35 (m, 4H), 0.90 (t, 3JHH = 7.2 Hz, 3H) ppm. 13C NMR (CDCl3, 126 
MHz): δ 81.5, 76.7, 71.6, 58.8, 31.2, 22.1, 20.1, 18.6, 13.8 ppm. GC-HRMS: 
calculated for C9H16O [M-H
+] 139.1123; found 139.1124. The data is saved in 
JC09013B. 
  
5.5.4. NMR Experiment for Heterocoupling Reactions of 5.1 and 5.2  
Condition A 
In a glovebox, to an NMR tube was added PhNNPh (8.2 mg, 0.045 mmol, 0.5 
eq.), (THF)3I2TiNPh (6.1 mg, 0.01 mmol, 0.11 eq.), a heteroatom-substituted internal 
alkyne (5.1) (0.1 mmol, 1.1 eq.), phenylpropyne (5.2a) (11.6 mg, 0.1 mmol, 1.1 eq.), 
triphenylmethane (4.9 mg, 0.02 mmol, 0.22 eq.) as the internal standard, and 0.5 mL 
PhCF3. The NMR tube was sealed and brought out of the glovebox, and a t = 0 h No-
D 1H NMR spectrum was taken. The NMR tube was heated at 60 or 80 °C in an oil 
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bath for 2 h. The NMR tube was then cooled to ambient temperature, and a t = 2 h 
No-D 1H NMR spectrum was taken. Yields are reported with respect to 5.2a. 
 
Condition B 
In a glovebox, to an NMR tube was added PhNNPh (8.2 mg, 0.045 mmol, 0.5 
eq.), [(py)2Cl2TiNPh]2 (6.1 mg, 0.005 mmol, 0.055 eq.), a heteroatom-substituted 
internal alkyne (5.1) (0.2 mmol, 2.2 eq.), phenylpropyne (5.2a) (11.6 mg, 0.1 mmol, 
1.1 eq.), triphenylmethane (4.9 mg, 0.02 mmol, 0.22 eq.) as the internal standard, and 
0.5 mL PhCF3. The NMR tube was sealed and brought out of the glovebox, and a t = 
0 h No-D 1H NMR spectrum was taken. The NMR tube was heated at 115 °C in an 
oil bath for 3 h. The NMR tube was then cooled to ambient temperature, and a t = 3 h 





















NMR Experiment Examples 
No-D 1H NMR spectra of the reactions of 1c and 2a 
 
 
Figure 5.9. No-D 1H NMR reaction of 5.1c and 5.2a in PhCF3 at Time = 0 h (bottom), Time 







Figure 5.10. No-D 1H NMR reaction of 5.1c and 5.2a in PhCF3 at Time = 0 h (bottom), Time 
= 3 h (top) under Condition B. Taken from JC09026A. 
 







Figure 5.11. No-D 1H NMR reaction of 5.1g and 5.2a in PhCF3 at Time = 0 h (bottom), 






Figure 5.12. No-D 1H NMR reaction of 5.1g and 5.2a in PhCF3 at Time = 0 h (bottom), 
Time = 3 h (top) under Condition B. Taken from JC08128F. 
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5.5.5. Synthesis and Isolation of Multisubstituted Pyrroles via Heterocoupling 
Reactions 
Condition A 
In a glovebox, to a 7 mL vial was added PhNNPh (41.0 mg, 0.225 mmol, 0.5 
eq.), (THF)3I2TiNPh (30.5 mg, 0.05 mmol, 0.11 eq.), a heteroatom-substituted 
internal alkyne (5.1) (0.5 mmol, 1.1 eq.), phenylpropyne (5.2a) (58.0 mg, 0.5 mmol, 
1.1 eq.), and 2.5 mL PhCF3. The reaction was then sealed with a Teflon screw cap and 
heated at 60 °C outside of the glovebox in an oil bath for 2 hours. The reaction was 
diluted by 2 mL ethyl acetate, quenched by 2 mL 2M HCl in methanol for 1 hour, 
washed with DI water, dried over Na2SO4 and concentrated prior to purification. The 
product pyrroles were isolated by precipitation from hexanes or silica gel 
chromatography. Yields are reported with respect to 5.2a. 
Condition B 
In a glovebox, to a 7 mL vial was added PhNNPh (41.0 mg, 0.225 mmol, 0.5 
eq.), [(py)2Cl2TiNPh]2 (18.4 mg, 0.025 mmol, 0.055 eq.), a heteroatom-substituted 
internal alkyne (5.1) (0.1 mmol, 2.2 eq.), phenylpropyne (5.2a) (58.0 mg, 0.5 mmol, 
1.1 eq.), and 2.5 mL PhCF3. The reaction was then sealed with a Teflon screw cap and 
heated at 115 C outside of the glovebox in an oil bath for 3 hours. The reaction was 
diluted by 2 mL ethyl acetate, quenched by 2 mL 2M HCl in methanol for 1 hour, 
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washed with DI water, dried over Na2SO4 and concentrated prior to the purification. 
The product pyrroles were isolated by precipitation from hexanes or silica gel 





The product was isolated by silica gel chromatography using 5% EA/Hex eluent to 
give a pale-yellow oil. (120 mg, 64% corrected yield). 1H NMR (400 MHz, CDCl3): δ 
7.53 (app d, 2H, 3JHH = 7.1 Hz, Ar-H), 7.39 (t, 2H, 
3JHH = 7.7 Hz, Ar-H), 7.30 – 7.27 (m, 2H, 
Ar-H), 7.24 – 7.14 (m, 6H, Ar-H), 6.87 (t, 1H, 3JHH = 7.4 Hz, Ar-H), 6.66 (d, 1H, 
3JHH = 8.2 
Hz, Ar-H), 6.50 (s, 1H, m-pyr-H), 3.41 (s, 3H, O-CH3), 2.29 (s, 3H, o-pyr-CH3) ppm. 13C 
NMR (101 MHz, CDCl3): δ 156.7, 139.7, 137.4, 132.1, 130.6, 128.7, 128.4, 128.3, 128.2, 
128.0, 126.8, 125.3, 122.9, 122.6, 120.4, 110.5, 110.1, 54.9, 12.9. GC-HRMS: calculated 
for C24H21NO [M




Figure 5.13. 1H NMR spectrum of 5.3a in CDCl3. Taken from JC09011A1. 
 




Figure 5.15. NOESY NMR spectrum of 5.3a in CDCl3. Taken from JC09011A1. 
 
 (Z)-5-(2-Methoxyvinyl)-2-methyl-1,3-diphenyl-1H-pyrrole (5.3b) 
 
Instead of acid workup, the reaction was quenched by 2 mL DI water, due to its 
instability in an acidic solution. The product was isolated by silica gel chromatography 
using 20% DCM/Hex eluent to give an oil which slightly decomposed during while 
concentrating and turned purple (58 mg, 40% yield). 1H NMR (400 MHz, C6D6): δ 
7.65 (d, 3JHH = 7.7 Hz, 2H), 7.42 (s, 1H, 4-NC4-H), 7.28 (t, 
3JHH = 7.6 Hz, 2H), 7.11 
(t, 3JHH = 6.8 Hz, 2H), 7.05-6.95 (m, 6H), 5.59 (d, 
3JHH = 6.8 Hz, 1H, -CH=CH-OMe), 
5.01 (d, 3JHH = 6.8 Hz, 1H, 5-NC4-CH=CH-), 3.18 (s, 3H, -OCH3), 2.08 (s, 3H, 2-
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NC4-CH3) ppm. 13C NMR (101 MHz, C6D6): δ 144.7, 139.2, 138.4, 129.3, 129.2, 
128.8, 128.6, 125.5, 125.2, 123.7, 110.6, 96.9, 59.9, 12.3 ppm.  
GC-HRMS: calculated for C20H19NO [M
+] 289.1467; found 289.1443.  
 




The product was isolated by silica gel chromatography using 3% EA/Hex eluent to 
give a colorless oil (135 mg, 76% yield). 1H NMR (400 MHz, C6D6): δ 7.63-7.61 (m, 
2H), 7.34 (t, 3JHH = 7.6 Hz, 2H), 7.21 (d, 
3JHH = 7.3 Hz, 2H), 7.17-7.13 (m, 3H),  7.08 
(tt, 3JHH = 7.6 Hz, 
4JHH = 2.4 Hz, 1H), 7.02-6.95 (m, 3H), 6.87-6.85 (m, 2H), 6.41 (s, 
1H, 4-NC4-H), 4.27(s, 2H, -O-CH2-C6H5), 3.53 (t, 2H 
3JHH = 7.3 Hz, 2H, -CH2-OBn), 
2.80 (t, 3JHH = 7.2 Hz, 2H, 5-NC4-CH2-), 2.07 (s, 3H, 2-NC4-CH3) ppm. 13C NMR 
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(101 MHz, C6D6): δ 139.3, 139.2, 138.4, 130.0, 129.2, 128.9, 128.8, 128.5, 128.5, 
127.8, 127.6, 125.5, 125.3, 122.4, 107.6, 72.9, 70.1, 28.1, 12.2 ppm. GC-HRMS: 
calculated for C26H25NO [M
+] 367.1936; found 367.1917. 
 




The product was isolated by silica gel chromatography using 15% EA/Hex eluent to 
give a colorless oil (58 mg, 58% yield). 1H NMR (400 MHz, C6D6): δ 7.81 – 7.79 (m, 
2H), 7.51 (tt, 2H, 3JHH = 7.7, 1.8 Hz), 7.34 – 7.31 (m, 2H), 7.20 – 7.12 (m, 2H), 7.08 – 7.06 
(m, 2H), 6.60 (s, 1H, 4-NC4-H), 3.59 (t, 2H, 
3JHH = 7.2 Hz, -CH2-CH2-OMe), 3.22 (s, 3H, -
OCH3), 2.93 (t, 2H, 
3JHH = 7.2 Hz, 5-NC4-CH2-), 2.25 (s, 3H, 2-NC4-CH3) ppm. 13C NMR 
(101 MHz, C6D6): δ 139.3, 138.4, 130.2, 129.2, 128.9, 128.79, 128.5, 125.5, 125.2, 122.4, 
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107.5, 72.4, 58.3, 27.9, 12.2 ppm. Spectral data was consistent with literature values. 
GC-HRMS: calculated for C20H21NO [M
+] 291.1623; found 291.1607. 
 




The product was isolated by silica gel chromatography using 2% EA/Hex eluent to 
give a colorless oil (166 mg, 87% yield). 1H NMR (400 MHz, C6D6): δ 7.58-7.56 (m, 
2H), 7.42-7.38 (m, 4H), 7.28-7.24 (m, 4H), 7.20-7.15 (m, 4H), 7.09-7.07 (m, 1H), 
6.70 (s, 2H, 5-NC4-H), 3.46 (t, 
3JHH = 6.4 Hz, 2H, -CH2-OBn), 2.92 (t, 
3JHH = 7.3 Hz, 
2H, 4-NC4-CH2-CH2CH2OBn), 2.18 (s, 3H, 2-NC4-CH3), 2.06-1.99 (m, 2H, -CH2-
CH2OBn) ppm. 13C NMR (101 MHz, C6D6): δ 141.1, 139.7, 137.6, 130.6, 129.2, 
128.6, 128.5, 127.8, 127.5, 126.6, 126.1, 125.9, 125.8, 124.2, 123.1, 118.9, 72.8, 70.2, 
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31.2, 22.9, 11.9 ppm. GC-HRMS: calculated for C27H27NO [M
+] 381.2093; found 
381.2058. 
 




The product was isolated by silica gel chromatography using 3% EA/Hex eluent to 
give a white solid (17 mg, 10% yield). 1H NMR (400 MHz, C6D6): δ 7.56 (d, 
3JHH = 7.8 
Hz, 2H), 7.41 (t, 3JHH = 7.5 Hz, 2H), 7.30-7.26 (m, 2H), 7.21 (t, 
3JHH = 7.7 Hz, 2H), 7.15-
7.13 (m, 3H), 7.10-7.07 (m, 1H), 6.95-6.91 (m, 3H), 6.81 (s, 1H, 5-NC4-H), 4.09 (t, 
3JHH = 
7.1 Hz, 4-NC4-CH2-CH2-OPh, 2H), 3.23 (t, 
3JHH = 7.2 Hz, 2H, 4-NC4-CH2-CH2OPh), 2.18 
(s, 3H, 2-NC4 -CH3) ppm. 13C NMR (101 MHz, C6D6) δ 159.6, 140.9, 137.2, 130.6, 129.7, 
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129.2, 128.7, 126.8, 126.3, 126.0, 125.8, 124.3, 120.7, 119.7, 119.2, 114.9, 68.6, 26.2, 11.8 
ppm. GC-HRMS: calculated for C25H23NO [M
+] 353.1780; found 353.1739. 
 




Upon acidic work-up, the crude product was purified by recrystallization in hexanes to give 
the desired compound as a white solid (60 mg, 34 %). 1H NMR (400 MHz, CDCl3): δ 7.58 
(app d, 3JHH = 7.9 Hz, 2H), 7.44 (t, 
3JHH = 7.7 Hz, 2H), 7.34 – 7.28 (m, 3H), 7.24 – 7.13 
(m, 5H), 7.01 – 6.99 (m, 1H), 6.96 – 6.92 (m, 1H), 6.61 (s, 1H, 4-NC4-H), 2.40 (s, 3H, S-
CH3), 2.33 (s, 3H, 2-NC4-CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 139.9, 138.8, 137.2, 
132.1, 131.8, 130.8, 128.6, 128.5, 128.4, 128.2, 127.9, 127.2, 126.7, 125.4, 124.4, 123.8, 
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The product was isolated by silica gel chromatography using 8% EA/Hex eluent to 
give a colorless solid (51 mg, 29% yield). 1H NMR (400 MHz, C6D6): δ 7.63 (d, 
3JHH 
= 8.1 Hz, 2H), 7.49 (dd, 3JHH = 7.5 Hz, 
4JHH = 1.0 Hz, 1H), 7.32(t, 
3JHH = 7.6 Hz, 2H), 
7.16-7.12 (m, 1H), 7.04 (dt, 3JHH = 7.5 Hz, 
4JHH = 1.1 Hz, 1H), 6.93-6.82 (m, 6H), 
6.67 (s, 1H, 4-NC4-H), 6.54 (d, 
3JHH = 8.1 Hz, 1H),  2.23 (s, 3H, 2-NC4-CH3), 2.14 (s, 
6H, -N(CH3)2 ppm. 13C NMR (101 MHz, C6D6): δ 151.1, 139.7, 137.7, 133.3, 132.8, 
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128.4, 128.2, 128.2, 127.6, 127.0, 126.6, 126.0, 125.6, 125.2, 123.4, 120.9, 117.4, 
109.2, 41.4, 12.6 ppm. GC-HRMS: Calc for C25H24N2 [M
+] 352.1939; found 
352.1903. 
 




The product was purified by precipitating from hexanes and collected by filtration to 
give an off-white solid (89 mg, 57% yield). 1H NMR (400 MHz, C6D6): δ 7.38 (dd, 
3JHH = 8.3 Hz, 
4JHH = 1.3 Hz, 2H), 7.29 (dt, 
3JHH = 7.7 Hz, 
4JHH = 1.8 Hz, 1H), 7.19 
(t, 3JHH = 7.3 Hz, 2H), 7.11-7.07 (m, 2H), 7.01-7.00 (m, 4H), 6.98-6.91 (m, 2H), 6.84-
6.79 (m, 1H), 6.74 (dt, 3JHH = 7.5 Hz, 
4JHH = 1.2 Hz, 1H), 2.07 (s, 3H, 2-NC4-CH3) 
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ppm. 13C NMR (101 MHz, C6D6): δ 160.8 (d, 
1JCF = 246 Hz, ArC-F), 140.5, 137.1, 
132.1 (d, 3JCF = 3.8 Hz), 130.7, 129.3, 128.6, 127.4 (d, 
3JCF = 8.1 Hz), 127.1, 126.8, 
126.2, 126.1, 124.2 (d, 2JCF = 14.6 Hz), 123.9 (d, 
4JCF = 3.5 Hz), 123.5, 121.8 (d, 
3JCF 
= 5.9 Hz), 117.6, 116.0 (d, 2JCF = 22.9 Hz), 11.8 ppm. GC-HRMS: calculated for 
C23H18NF [M
+] 327.1423; found 327.1372. 
 




The product was isolated by silica gel chromatography using 4% EA/Hex eluent to 
give a white solid (130 mg, 57% yield). 1H NMR (400 MHz, C6D6): δ 7.38 – 7.27 (m, 
8H), 7.19 – 7.16 (m, 5H), 7.10 – 7.06 (m, 2H), 7.05 – 6.94 (m, 5H), 6.94 (s, 1H, 5-NC4-H), 
3.50 (s, 4H, N-CH2-Ph), 2.95 – 2.91 (m, 2H, 4-NC4-CH2-CH2NBn2), 2.78 – 2.74 (m, 2H, 4-
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NC4-CH2-CH2-NBn2), 2.05 (s, 3H, 2-NC4-CH3) ppm. 13C NMR (101 MHz, C6D6): δ 141.0, 
140.5, 137.4, 130.6, 129.2, 129.1, 128.6, 128.5, 127.0, 126.6, 126.1, 125.9, 125.6, 124.3, 
121.3, 119.2, 58.6, 55.3, 23.8, 11.8 ppm. GC-HRMS: calculated for C33H32N2 [M-H2
+] 
454.2409; found 454.2389. 
 




The product was isolated by silica gel chromatography using 3% EA/Hex eluent to 
give a pale-brown oil (58 mg, 35% yield). 1H NMR (400 MHz, C6D6): δ 7.65 (d, 
3JHH = 
8.1 Hz, 2H), 7.35 (t, 3JHH = 7.6 Hz, 2H), 7.20 – 7.18 (m, 2H), 7.04 – 6.95 (m, 5H), 6.84 (s, 
1H, 5-NC4-H), 3.76 (s, 2H, 4-NC4-CH2-S
nBu), 2.43 (t, 3JHH = 7.3 Hz, 2H, -S-CH2-
CH2CH2CH3), 2.05 (s, 3H, 2-NC4-CH3), 1.46 (p, 
3JHH = 7.3 Hz, 2H, -SCH2-CH2-CH2CH3), 
223 
 
1.26 (p, 3JHH = 7.3 Hz, 2H, -SCH2CH2-CH2-CH3), 0.77 (t, 
3JHH = 7.3 Hz, 3H, -SCH2CH2CH2-
CH3) ppm. 13C NMR (101 MHz, C6D6) δ 140.8, 136.9, 130.7, 129.2, 128.7, 126.8, 126.3, 
126.0, 124.2, 120.6, 119.9, 32.3, 31.9, 27.7, 22.4, 13.9, 11.9 ppm. GC-HRMS: calculated 
for C22H25NS [M
+] 335.1708; found 335.1687. 
 




The product was isolated by silica gel chromatography using 5% EA/Hex eluent to 
give a white solid (25 mg, 11% yield). 1H NMR (400 MHz, C6D6): δ 7.46 – 7.44 (m, 
2H), 7.34 – 7.28 (m, 6H), 7.21 – 7.18 (m, 2H), 7.16 – 7.14 (m, 2H), 7.09 – 7.06 (m, 3H), 
7.02 – 7.01 (m, 4H), 6.08 (s, 1H, 5-NC4-H), 6.97 – 6.95 (m, 1H), 3.73 (s, 2H, 2-NC4-CH2-
NBn2), 3.59 (s, 4H, -N-CH2-Ph), 2.06 (s, 3H, 2-NC4-CH3) ppm. 13C NMR (126 MHz, 
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C6D6): 140.9, 140.5, 137.3, 130.8, 129.2, 129.1, 128.5, 128.5, 126.9, 126.8, 126.1, 126.1, 
126.1, 124.5, 120.9, 120.8, 58.5, 50.5, 11.9 ppm. GC-HRMS: calculated for C32H30N2 
[M-H+] 441.2331; found 441.2306. 
 




The product was purified by precipitating from methanol and collected by filtration 
washed with hexanes to give an off-white solid (126 mg, 72% yield). 1H NMR (400 
MHz, C6D6): δ 7.75-7.73 (m, 2H), 7.38-7.35 (m, 3H, 5-NC4-H and Ar-H), 7.19 (tt, 
3JHH = 7.4 Hz, 
4JHH = 1.2 Hz) 6.96-6.91 (m, 3H), 6.83-6.80 (m, 2H), 5.36 (s, 1H, 4-
NC4-CH-SS), 2.46 (td, 
3JHH = 13.4 Hz, 
4JHH = 2.3 Hz, 2H, -S-CH2-CH2CH2S-), 2.34 
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(dt, 3JHH = 14.1 Hz, 
4JHH = 2.0 Hz, 2H, -SCH2CH2-CH2-S-), 1.98 (s, 3H, 2-NC4-H), 
1.69 (m, 1H, -SCH2-CHH-CH2S-), 1.39 (m, 1H, -SCH2-CHH-CH2S-) ppm. 13C NMR 
(101 MHz, C6D6): δ 140.3, 136.4, 130.7, 129.1, 128.8, 127.0, 126.6, 126.0, 125.5, 
122.6, 122.1, 121.8, 43.3, 32.8, 25.6, 11.7 ppm. GC-HRMS: calculated for 
C21H21NS2 [M
+] 351.1115; found 351.1089. 
 




The product was isolated by silica gel chromatography using 5% EA/Hex eluent to 
give a white solid (61 mg, 38% yield). 1H NMR (400 MHz, C6D6): δ 7.51 (d, 
3JHH = 
7.3 Hz, 2H), 7.46 (m, 2H, 4-NC4-H and Ar-H), 7.28 (t, 
3JHH = 7.7 Hz, 2H), 7.14 (t, J 
= 7.4 Hz, 1H), 7.04-7.02 (m, 3H), 6.96-6.93 (m, 2H), 6.39 (d, 3JHH = 3.2 Hz, 1H), 1.98 
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(s, 3H, 2-NC4-CH3) ppm. 13C NMR (101 MHz, C6D6): δ 160.0, 143.1, 139.0, 137.0, 
130.6, 129.6, 129.3, 128.9, 128.7, 128.7, 128.6, 126.1, 124.0, 116.3, 112.7, 12.1 ppm. 
GC-HRMS: calculated for C20H16N2S [M
+] 316.1034; found 316.1000. 
 




The product was isolated by silica gel chromatography using 8% DCM/Hex eluent to 
give a colorless solid which slightly decomposed and turned brown while being 
concentrated (62 mg, 41% yield). 1H NMR (400 MHz, C6D6): δ 7.37-7.35 (m, 2H), 
7.15-7.11 (m, 3H, 5-NC4-H and Ar-H), 7.06-7.00 (m, 3H), 6.90-6.82 (m, 5H), 5.98 
(dd, 3JHH = 3.2 Hz, 
3JHH = 1.8 Hz, 1H, 4-OC4-H), 5.90 (d, 
3JHH = 3.2 Hz, 1H, 5-OC4-
H), 1.83 (s, 3H, 2-NC4-CH3) ppm. 13C NMR (101 MHz, C6D6): δ 151.4, 140.4, 140.0, 
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136.9, 131.2, 129.3, 128.6, 127.3, 127.1, 126.8, 125.9, 121.9, 118.9, 115.9, 111.3, 
104.6, 11.5 ppm. GC-HRMS: calculated for C21H17NO [M
+] 299.1310; found 
299.1272. 
 




The product was isolated by silica gel chromatography using 2% EA/Hex eluent to 
give a colorless oil (100 mg, 52% yield). 1H NMR (400 MHz, C6D6): δ 7.54 (d, 
3JHH 
= 7.7 Hz, 2H), 7.43 (dd, 3JHH = 7.4 Hz, 
4JHH = 2.5 Hz, 1H), 7.26 (t, 
3JHH = 7.6 Hz, 2H), 
7.16-7.10 (m, 3H), 6.97 (td, 3JHH = 7.8 Hz, 
4JHH  = 1.5 Hz, 1H), 6.87 (t, 
3JHH = 7.6 Hz, 
2H), 6.77 (q, 3JHH = 7.6 Hz, 2H), 6.37 (d, 
3JHH = 8.2 Hz, 1H), 3.22 (hept, 
3JHH  = 7.1 
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Hz, 1H, 3-NC4-CH(CH3)2), 3.12 (s, 3H, -OCH3),2.10 (s, 3H, 5-NC4-CH3), 1.34 (d, 
3JHH = 7.0 Hz, 3H, 2-NC4-CH(CH3)2), 1.28 (d, 
3JHH = 7.1 Hz, 3H, 2-NC4-CH(CH3)2 
ppm. 13C NMR (101 MHz, C6D6): δ 158.7, 140.1, 138.7, 134.5, 131.7, 129.4, 128.6, 
128.3, 128.3, 127.3, 126.7, 126.3, 126.1, 125.9, 124.2, 123.0, 120.1, 110.7, 54.4, 26.9, 
24.9, 24.0, 12.0 ppm. GC-HRMS: calculated for C27H27NO [M
+] 381.2093; found 
381.2064. 
 




The product was isolated by silica gel chromatography using 20% DCM/Hex eluent 
to give a colorless oil (58 mg, 38% yield). 1H NMR (400 MHz, C6D6): δ 7.35 (dd, 
3JHH = 7.5 Hz, 
4JHH = 1.7 Hz, 1H), 7.11-7.09 (m, 2H), 6.97 (td, 




1.7 Hz, 1H), 6.92-6.82 (m, 3H), 6.77 (t, 3JHH = 7.4 Hz, 1H), 6.5 (s, 1H, 4-NC4-H), 
6.37 (d, 3JHH = 8.2 Hz, 1H), 3.03 (s, 3H, -OCH3), 2.60 (app p, 
3JHH = 7.6 Hz, 3-NC4-
CH2-CH3 and 2-NC4-CH2-CH3), 1.34 (t, 
3JHH = 7.5 Hz, 3H, 3-NC4-CH2-CH3), 1.34 
(t, 3JHH = 7.5 Hz, 3H, 2-NC4-CH2-CH3 ppm. 13C NMR (101 MHz, C6D6): δ 157.3, 
140.9, 132.4, 131.9, 130.1, 128.5, 126.5, 124.3, 122.3, 120.5, 110.8, 110.7, 54.3, 20.0, 
18.5, 16.3, 15.4 ppm. GC-HRMS: calculated for C21H23NO [M
+] 305.1780; found 
305.1770. 
 






The product was isolated by silica gel chromatography using 16% EA/Hex eluent to 
give a white solid (87 mg, 65% yield). 1H NMR (400 MHz, C6D6): δ 8.31 (d, 
3JHH = 
4.8 Hz, 1H), 7.56 (dd, 3JHH = 7.4 Hz, 
4JHH = 1.7 Hz, 1H), 7.38 (s, 1H, 3-NC4-H), 7.20-
7.16 (m, 1H), 7.02-6.95 (m, 7H), 6.90 (td, 3JHH = 7.9 Hz, 
4JHH = 1.8 Hz, 1H), 6.74 (d, 
3JHH = 8.2 Hz), 6.41 (ddd, 
3JHH =  7.2, 4.8 Hz, 
4JHH = 1.1 Hz, 1H), 3.40 (s, 3H, -OCH3), 
2.07 (s, 5-NC4-CH3 ppm. 13C NMR (101 MHz, C6D6): δ 157.7, 152.7, 149.4, 141.0, 
135.3, 133.3, 132.1, 131.5, 129.0, 128.9, 127.3, 126.7, 121.0, 120.8, 119.8, 114.6, 
111.5, 55.1, 12.7 ppm. GC-HRMS: calculated for C23H20N2O [M
+] 340.1576; found 
340.1541. 
 













Reaction of 5.1y with 5.2a to form 5.3y. In a glovebox, to a 20 mL vial was added 
283 mg 5.1y (1 eq., 1 mmol), 116 mg 5.2a (1 eq., 1 mmol), 166 mg (E)-1,2-bis(4-
bromophenyl)diazene (0.5 eq., 0.5 mmol), 15 mg (THF)3I2TiNPh (2.5 %, 0.025 
mmol) and 5 mL PhCF3. The reaction was then sealed with a Teflon screw cap and 
heated in the glovebox for 30 hours at 60 C. After being cooled down to ambient 
temperature, the reaction was removed from the glovebox, 10 mL hexanes was added 
to the reaction, and the mixture was filtered through a fine frit. The filtrate was 
concentrated in vacuo and mixed with 10 mL 2M HCl in methanol. After 2-hour 
stirring, the mixture was diluted by 20 mL DI water and extracted by hexanes (15 mL 
x 3). The organic layer was washed with brine, dried by MgSO4 and concentrated in 
vacuo to get a yellow solid, 5.3y, that was carried on in the reaction as-is.  
 
Deprotection of 5.3y to 5.7y. In a glovebox, the entirety of 5.3y was dissolved in 2 
mL of 2,4,6-collidine and transferred to a 7 mL vial, followed by the addition of 266 
mg LiI (2 eq., 2 mmol). The vial was sealed and heated outside of the glovebox at 175 
C for 30 hours. The reaction was diluted by 20 mL methanol and 20 mL DI water 
and then acidified by 20 mL 2M HCl in methanol. The mixture was extracted by 
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hexanes (15 mL x 6) and the organic layer was washed with brine and dried by 
MgSO4. Removal of the volatiles yielded the crude oily product 5.7y, which was 
directly used in the next step.  
 
Benzylation of 5.7y to 5.8y.  Next, 0.2 g K2CO3 (1.44 eq., 1.44 mmol), 0.1 mL 2,3-
difluorobenzyl bromide (0.78 eq., 0.78 mmol) and 3 mL MeCN were added. The 
mixture was stirred at reflux for 3 hours. The mixture was diluted by 10 mL DI water 
and extracted by hexanes (20 mL x 3). The collected organic layer was washed with 
brine, dried by MgSO4, and concentrated. The only purification of the final product 
was carried out via silica gel chromatography using 12% DCM/Hex eluent to give a 
white solid 5.8y (135 mg, 22% overall yield with respect to 5.1y). 1H NMR (400 MHz, 
C6D6): δ 7.62-7.60 (m, 2H), 7.35 (t, 
3JHH = 7.8 Hz, 2H), 7.24 (dd, 
3JHH = 7.5 Hz, 
4JHH 
= 1.7 Hz, 1H), 7.18-7.15 (m, 1H), 6.97-6.93 (m, 2H), 6.90 (td, 3JHH = 7.9 Hz, 
4JHH = 
1.7 Hz, 1H), 6.77-6.71 (m ,3H), 6.65-6.58 (m, 3H), 6.54 (tdd, 3JHH = 7.9, 5.0 Hz, 
4JHH 
= 1.4 Hz, 1H), 6.39 (d, 3JHH = 8.0 Hz, 1H), 4.57 (s, 2H, -O-CH2-Ar), 2.08 (s, 3H, 2-
NC4-CH3) ppm. 
13C NMR (101 MHz, C6D6): δ 156.0, 150.7 (dd, 
1JCF = 249 Hz, 
2JCF 
= 12.4 Hz), 148.3 (dd, 1JCF = 249 Hz, 
2JCF = 13.2 Hz), 138.9, 137.8, 132.3, 131.9, 
130.3, 129.8, 128.9, 128.9, 128.6, 127.5 (d, 3JCF = 10.9 Hz), 126.6, 125.9, 124.4 (dd, 
2JCF = 6.7 Hz, 
3JCF = 4.7 Hz), 124.0 (app t, 
2,3JCF = 3.1 Hz), 123.8 (d, 
3JCF = 1.1 Hz), 
121.5, 120.8, 116.6, 116.4, 113.2, 111.8, 63.6 (dd, 3JCF = 4.5 Hz, 
4JCF = 3.0 Hz), 12.7 
ppm. MALDI-HRMS: Calc for C30H21NOBr2F2 [M-Br




Figure 5.33. 1H NMR spectrum of 5.8y in C6D6. Taken from JC09047E2. 
 
5.5.6. NMR Experiment, Synthesis and Isolation of Multisubstituted Pyrroles via 
Homocoupling Reactions 
General Procedure of No-D 1H NMR Experiments for Homocoulping Reactions 
In a glovebox, to an NMR tube was added 8.2 mg PhNNPh (0.045 mmol, 0.5 
eq.), 6.1 mg [(py)2Cl2TiNPh]2 (0.005 mmol, 0.055 eq.), an internal alkyne (compound 
5.1v or 5.1z, 0.2 mmol, 2.2 eq.), and 0.5 mL PhCF3. The reaction was then sealed and 
heated outside of the glovebox for 1.5 or 3 hours at 115 C. No-D 1H NMR spectra 
were collected on a Bruker Avance III HD NanoBay 400 MHz referenced to the 
proton signal of triphenylmethane (Ph3CH, ppm = 5.0) at a delay time = 30 and 
acquisition time = 5. The NMR experiments of homocoupling reactions of 5.1v and 






General Synthesis of Multi-Substituted Pyrroles via Homocoupling Reactions 
In a glovebox, to a 7 mL vial was added 41.0 mg PhNNPh (0.225 mmol, 0.5 
eq.), 18.4 mg [(py)2Cl2TiNPh]2 (0.05 mmol, 0.11 eq.), an internal alkyne (compound 
5.1v or 5.1z, 1.0 mmol, 2.2 eq.), and 2.5 mL PhCF3. The reaction was then sealed with 
a Teflon screw cap and heated outside of the glovebox for 3 hours at 115 C. The 
reaction was diluted by ethyl acetate, washed with DI water, dried over Na2SO4 and 




The product was isolated by silica gel chromatography using 3% EA/Hex eluent to 
give a colorless oil (116 mg, 62% yield). 1H NMR (400 MHz, C6D6): δ 7.04-6.96 (m, 
5H), 3.64 (t, 3JHH = 7.7 Hz, 2H, 3-NC4-CH2-CH2-OMe), 3.28 (t, 
3JHH = 7.6 Hz, 2H, 
5-NC4-CH2-CH2-OMe), 3.24 (s, 3H, 3-NC4-CH2CH2-OCH3), 3.05 (t, 
3JHH = 7.6 Hz, 
2H, 3-NC4-CH2-CH2OMe), 2.98 (s, 3H, 3-NC4-CH2CH2-OCH3), 2.89 (t, 
3JHH = 7.6 
Hz, 2H, 5-NC4-CH2-CH2OMe), 2.69-2.65 (m, 2H, 4-NC4-CH2-CH2CH2CH3), 2.53-
2.49 (m, 2H, 2-NC4-CH2-CH2CH2CH3), 1,76-1.68 (m, 2H, 4-NC4-CH2-CH2-
CH2CH3), 1.46 (app sex, 
3JHH = 7.4 Hz, 4-NC4-CH2CH2-CH2-CH3), 1.36-1.29 (m, 2H, 
2-NC4-CH2-CH2-CH2CH3), 1.11 (app sex, 
3JHH = 7.4 Hz, 2-NC4-CH2CH2-CH2-CH3), 
0.98 (t, 3JHH = 7.3 Hz, 3H, 4-NC4-CH2CH2CH2-CH3), 0.70 (t, 
3JHH = 7.3 Hz, 3H, 2-
NC4-CH2CH2CH2-CH3) ppm. 13C NMR (101 MHz, C6D6): δ 140.0, 130.7, 129.4, 
129.0, 127.7, 125.2, 120.7, 115.2, 74.8, 73.0, 58.4, 58.1, 35.2, 33.5, 26.3, 26.0, 25.4, 
25.1, 23.5, 22.8, 14.4, 14.0 ppm. GC-HRMS: calculated for C24H37NO2 [M
+] 








The product was isolated by silica gel chromatography using 8% EA/Hex eluent and 
then recrystalized from pentane to give a white solid (89 mg, 46% yield). 1H NMR 
(400 MHz, C6D6 at 55 ℃): δ 7.43 (broad d, 3JHH = 6.3 Hz, 1H), 7.28 (broad d, 3JHH = 
7.1 Hz, 1H), 7.19 (ddd, 3JHH = 8.2, 7.2 Hz, 
4JHH = 1.8 Hz, 1H), 7.09-7.07 (m, 2H), 
7.01-6.96 (m, 2H), 6.91 (t, 3JHH = 7.8 Hz, 2H), 6.85-6.75  (m, 3H), 6.46 (d, 
3JHH = 8.2 
Hz, 1H), 3.41 (s, 3H, -OCH3), 3.13 (s, 3H, -OCH3), 2.20 (s, 3H, 3-NC4-CH3), 2.17 (s, 
3H, 5-NC4-CH3) ppm. (There are rotamers at ambient temperature.) 13C NMR (101 
MHz, C6D6 at 55 ℃): δ 158.6, 158.3, 140.8, 133.6, 133.4, 128.6, 128.5, 128.2, 127.9, 
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127.2, 126.9, 126.7, 126.3, 123.9, 120.8, 120.4, 120.3, 118.1, 111.8, 111.2, 55.2, 54.6, 
12.4, 11.3 ppm. GC-HRMS: calculated for C26H25NO2 [M
+] 383.1885; found 
383.1851. 
 
Figure 5.35. 1H NMR spectrum of 5.9v in C6D6 at 55 ℃. Taken from JC09025A2.  
 
5.5.7. Synthesis of 1-Methoxyoctan-4-one (5.10z) from the Hydroamination 
Reaction 
 
In a glovebox, to a 7 mL vial was added 140 mg 5.1z (1 mmol, 1 eq.), 279 mg 
PhNH2 (3 mmol, 3 eq.), 44.8 mg Ti(NMe2)4 (0.2 mmol, 0.2 eq.), and 2.5 mL PhCF3. 
The reaction was then sealed with a Teflon screw cap and heated outside of the 
glovebox for 24 hours at 115 C. The reaction cooled to room temperature and layered 
with 3 mL 2 M HCl(aq) and vigorously stirred for 3 hours. The aqueous layer was 
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extracted by dichloromethane (2 mL X 3) and the volatiles of combined organic 
solution were removed in vacuo. The crude oil was mixed with 2 mL hexanes and 
filtered. Volatiles were removed in vacuo to yield a brown oil (108 mg, 67% yield). 
1H NMR (500 MHz, CDCl3): δ 3.37 (t, 
3JHH = 6.1 Hz, 2H, -CH2-OMe), 3.31 (s, 3H, 
-OCH3), 2.49 (t, 
3JHH = 7.3 Hz, 2H, -C(O)-CH2-CH2CH2OMe), 2.40 (t, 
3JHH = 7.5 Hz, 
2H, -C(O)-CH2-CH2CH2CH3), 1.84 (app p, 
3JHH = 7.0 Hz, 2H, -C(O)CH2-CH2-
CH2OMe),  1.55 (app p, 
3JHH = 7.6 Hz, 2H, -C(O)CH2-CH2-CH2CH3), 1.30  (app six, 
3JHH = 7.6 Hz, 2H, -C(O)CH2CH2-CH2-CH3), 0.90 (t, 
3JHH = 7.4 Hz, 3H, -
C(O)CH2CH2CH2-CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 211.2, 71.9, 58.6, 42.8, 
39.3, 26.1, 23.9, 22.5, 14.0 ppm. ESI-HRMS: calculated for C9H18O2 [M+Na
+] 
181.1204; found 181.1215. 
 





Polyketoester Formation via Olefin/CO Copolymerization Intercepted by Chain-


























Polyketones have been extensively used in the industry because of their good 
chemical resistance and low permeability, but they generally suffer from low processability 
due to the insolubility in common solvents and high Tm. Thus, we propose to use a chain 
transfer agent, such as an olefinic alcohol, in Pd-catalyzed olefin/CO copolymerization that 
can bring in the branch characters and lower the process temperature; where its alcohol can 
terminate the chain propagation and its olefin end can re-enter into the catalysis cycle. This 
work currently focuses on the ligand screening to ideally get a 1:1 ratio of the ketone to 
ester formation without alkene isomerization. Based on results from some commercially 
available ligands, such as DPPP, we are able to narrow down to a direction for future work. 
 
6.2. Introduction  
The copolymerization of olefins and carbon monoxide homogeneously catalyzed 
by Pd to generate polyketones, which have been commercialized for years, has been studied 
for decades. It was first reported by Drent, who not only explored this chemistry but also 
expanded the scopes of olefins.285-288  He found that, in the hydroesterification of ethylene 
to make methyl propionate (Figure 6.1), bidentate diphosphine ligands, such as 1,3-
bis(diphenylphosphino)propane (DPPP), could remarkably alter the product selectivity 
toward a polymer material which was characterized to be the polyketone.289 The chain 
propagation steps are believed to be CO insertion into a Pd-alkyl bond290 and olefin 
insertion into a Pd-acyl bond291-292 which in general alternate perfectly (Figure 6.2). 
Because CO is a much stronger ligand than ethylene, CO will be inserted more readily into 
Pd-C bonds. However, the sequential CO insertion into Pd-acyl bonds after first CO 
insertion is thermodynamically unfavorable and reversible, so irreversible ethylene 
insertion dominates right after CO insertion. Although polyketones are of interest in the 
industry because of their good chemical resistance, low permeability, and excellent wear 
and friction properties, the perfectly alternated structures result in high melting points (> 
260 °C), leading to poor processability. The common strategies to improve the 
processability are either physically blending with other materials or copolymerizing with 




Figure 6.1.  Ligand-dependent selectivity between hydroesterification and ethylene/CO 
copolymerization catalyzed by Pd.   
 
Figure 6.2. Two key pathways in chain propagation: (a) CO insertion and (b) ethylene 
insertion.  
 
To solve this problem, we would like to intercept the chain propagation by chain 
transferring to have a terpolymerization of an olefin, CO, and a chain transfer agent that 
can terminate the chain propagation and have the ended polymer chain being re-entered 
into the catalytic cycle. Based on the end group analysis of polyketones, the major 
termination step is proposed to be the alcoholysis of the Pd-acyl species to generate the Pd-
H species and an ester, which is the half mechanism of the aforementioned olefin 
hydroesterification (Figure 6.3).289 On the other hand, the organic fragment that involves 
in the chain propagation can only be olefins. Therefore, the combination of these two 
factors leads to the focus on olefinic alcohols, such as 10-undecen-1-ol. From this method, 
we would imagine obtaining a polyketoester, which is a new type of polyketones with ester 
linkages for branches and has a different physical and mechanical properties from 




Figure 6.3. Proposed mechanism of ethylene hydroesterification. 
 
Figure 6.4. General equation for Pd-catalyzed terpolymerization of an olefin, an olefinic 
alcohol, and CO to synthesize a polyketoester. 
 
The selectivity between the polyketone synthesis and the alkene hydroesterification 
highly depends on the ligands. For example, using monodentate triphenylphosphine results 
in the solely hydroesterification, but using bidentate DPPP can effectively generate high 
molecular weight polyketones.289 On the other hand, diphosphine ligands with longer 
backbones, like 1,4-bis(diphenylphosphino)butane (DPPB), generates only oligomeric 
polyketones.293 Similar situation has been observed with our targeted chain transferring 
olefinic alcohol; 10-undecen-1-ol can be incorporated into the polyketone synthesis when 
using DPPP as the ligand285, or serve as the monomer in hydroesterificative polymerization 
to make polyesters when using Xantphos (Figure 6.5).294 In order to achieve efficient and 
effective chain transferring, it is required to have both pathways occurring in one pot with 





Figure 6.5. Ligand-dependent selectivity of two types of polymerization. 
 
6.3. Result and Discussion 
6.3.1. Ligand Screening 
In order to know if the ligand can effectively copolymerize a-olefins and CO and 
compare the rate of polyketone formation versus hydroesterification, a reaction of 1-hexene 
and equimolar 1-hexanol under CO atmosphere has been tested as the model reaction. A 
quick screening of commercially available diphosphine ligands has been carried out and 
the result is analyzed by No-D 1H NMR and presented in Figure 6.6. Focusing on 1-hexene 
conversion, there are four components in the crude reactions; leftover 1-hexene, ketone and 
ester fragments, and internal hexenes that come from Pd-catalyzed isomerization and are 
far less active than 1-hexene. There is always some 1-hexanol left because it is only 
involved in the alcoholysis. The relative ratio of generated ketone and ester fragments is 
utilized to evaluate the ligand performance. Our results from 
bis(diphenylphosphino)alkanes match the trend summarized in Drent’s review; the ligand 
with an ethane backbone (DPPE, 6.1) leads to little activity, and the propane one (DPPP, 
6.2) performs the best in terms of polyketone formation (51% ketones, 29% esters, and 
20% isomeric alkenes). Lengthening the backbone by one methylene (DPPB, 6.3) leads to 
more ester formation (21% ketones, 59% esters, and 20% isomeric alkenes). Noteworthily, 
both ligands 6.2 and 6.3 are also capable of yielding esters on a comparable scale. So far, 
both triaryl-based phosphines (DPPF, 6.4, and BINAP, 6.5) have been reported for 




Figure 6.6. Results for the model reaction: (a) an example of No-D 1H NNR after 16 
hours for ligand 6.2 and (b) the result summary of easily accessed ligands.  
 
This screening allows us to have a quick evaluation across different ligands but 
does not reflect the actual situation, because, at the late stage of this model reaction, the 
enormous concentration difference between 1-hexene, which has full consumption at the 
end, and 1-hexanol would significantly affect the rates of two pathways. Thus, a method 
providing an accurate comparison between polyketone formation and esterification is 
necessary; the initial rate experiment is done for ligands 6.2 and 6.3 to compensate for the 
full-time examination. Based on the gas uptake curve, the reactions at 75 °C under CO 
pressure of 200 psig usually reach a plateau after 2 hours, so the initial rate experiment data 
was collected at the 30-minute timepoint. According to the 1H NMR spectrum, the rate 
ratios of the ketone to ester formation is about 4.5:1 and 0.07:1 for 6.2 and 6.3 respectively, 
which gives us promising results at the beginning. The desired rate ratio would be equal to 
or slightly less than 1; when the ratio is equal to 1, the microstructure, such as numbers of 
branches, could be controlled by the percentage of chain transfer agents, and a faster 
alcoholysis (where the ratio is less than 1) could generate highly branching polyketoesters 
that can substitute for the commercially available polyesters, such as polylactic acid and 




However, there is a potential problem at this condition: about 20% of 1-hexene 
isomerized to internal alkenes during the catalysis. The test reactions with trans 2-hexene 
and 3-hexene show little reactivity to form esters and almost no ketones. Therefore, the 
isomerized olefinic alcohol can only serve as a termination agent and result in low 
molecular polymers. To mitigate alkene isomerization as well as understand how the rate 
ratio changes, various conditions have been examined in collaboration with Dr. Yu-Ling 
Lien (Figure 6.7).   
 
Figure 6.7. Production distribution from the model reactions with ligand 6.2 under varied 
conditions.    
 
At 75 °C, high CO pressure is capable of slightly suppressing the alkene 
isomerization possibly due to the inhibition by the better ligating CO, but there is no 
dramatic influence on ketone and ester formations. Besides the same trend for varied CO 
pressure observed at 50 °C, the difference between generated ketones and esters has 
become larger with even fewer esters in the product distribution, indicating the ester 
formation is more dependent on the reaction temperature. The initial rate study also agrees 
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with this result and has the ratio increased up to 12 and 0.2 and under CO pressure of 100 
psig for ligands 6.2 and 6.3 respectively.  
On the other hand, the CO pressure starts to play a role in product distribution at 
100 °C especially for ketone formation and alkene isomerization. There is a clear 
competition between these two reactions; high CO pressure can prohibit 1-hexene from 
alkene isomerization, but the ketone formation will also be inhibited if the CO pressure is 
too high. These two factors lead to a volcano plot for both products.  
Aside from engineering reaction conditions, ligand design is always our option. 
Ligands 6.2 and 6.3, which have competitive activities in both ketone and ester formation, 
can be the prototype and the modification of these ligands could provide information for 
the next step. Various parameters of ligands can be influential to this model reaction, 
especially for the steric and electronic properties. The synthesis of a few derivative ligands 
is an ongoing process in collaboration with Robin and Shao-Yu in our group. The ligand 
parameterization assisted by computational studies is aimed to predict the activity of novel 
ligands without extensive synthesis of each one.   
The bite angle which is another common parameter for diphosphine ligands has 
become our first target. From the Cambridge Crystallographic Data Centre (CCDC), we 
are able to search for a wide range of solid-state structures of diphosphine Pd dichloride 
complexes to measure the bite angle of P-Pd-P. For example, ligand 6.2 has a bite angle of 
90°298 and 6.3, which favors ester formation more, has a bite angle of 94°.299 Based on 
these results, we can aim at ligands that have bite angles somewhere between 90 and 94° 
in order to get an ideal 1:1 rate ratio of ketone and ester formation. Bite angles are sensitive 
to substituents both on the backbone and aryl groups on phosphines. For example, ligand 
6.6, well studied in stereoselective propylene/CO copolymerization300-301, has a much 
larger bite angle of 97° even only with 3 methylene units between phosphines.302 Following 
the trend from ligand 6.2 to 6.3, where the ligand with a wider bite angle leads to faster 
ester formation, ligand 6.6 only favors the hydroesterification under our condition (Figure 
6.8). Ligand 6.7 with propane backbone has been tested as well. There is no data for the 
bite angle of its Pd complex, but the bite angle is about 4.5° wider than ligand 6.2 on the 
Ni complexes.303 However, the result surprisingly shows no dramatic change compared to 
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ligand 6.2. This may imply the bite angle effect measured in a solid state might not be a 
true reflection in a solution.      
 
Figure 6.8. The summary of model reactions for other diphosphine ligands. 
 
On the other side of the targeted range, ligand 6.8 has a bite angle of 88°304, but it 
barely yields ketones and esters. Interestingly, potentially due to its crowded ligand 
environment, there is almost no 1-hexene isomerization. In contrast, the structurally similar 
ligand 6.9 gives a promising result (25% ketones, 48% esters, and 27% isomeric alkenes). 
Although the alkene isomerization is somehow higher than the result from ligand 6.2, the 
ester formation is obviously faster than the ketone formation. Although, unfortunately, 
there is no reported structural information about its bite angle, this leads us to consider the 
importance of increased steric properties.  
Lastly, our collaborator provides us ligand 6.10, the ortho-anisolyl version of 6.2, 
for our ligand screening. The Pd bistolsylate complex ligated with 6.10 is a highly active 
catalyst in ethylene/CO copolymerization and its generated polyketone was 
commercialized by Shell under the trade name Carilon.289, 301, 305-306 As expected, under 
our condition, it strongly favors the polyketone formation with no ester formation which 
significantly changes the viscosity of reaction solution. It is proposed that the steric and 
electronic properties from the ortho-methoxy group can effectively slow down the catalyst 
decomposition observed in Ni complexes; the electron richness makes the Pd center stable 
in high oxidation state and the steric could prevent complex disproportionation.307-308  
Furthermore, the ortho-methoxy group can interact with the Pd center to stabilize the 
247 
 
unsaturated coordination sphere without the intramolecular keto oxygen coordination 
during the chain propagation (Figure 6.9).309 This idea of secondary coordination sphere 
might not be helpful to the ultimate goal in this project, but we may replace the methoxy 
group by nitrogen or sulfur substituents which should are softer to have stronger 
interactions with the Pd center so that we are able to tune the secondary coordination effect.   
 
Figure 6.9. The secondary coordination effect from the methoxy group on the ligand 
6.10. 
 
6.3.2. Terpolymerization with Chain Transfer Agents 
Preliminary terpolymerization of 1-hexene, CO, and 10-undecen-1-ol were carried 
out by using ligands 6.2 and 6.3 at 50 °C under 100 pisg of CO (Figure 6.10). In general, 
the result seems to well match our model reactions. Shorter olefinic alcohol, like 5-hexen-
1-ol, was also tested, but there were more esters formed in the reaction compared to the 
model reaction, probably due to the intramolecular hydroesterificative cyclization. 
Moreover, 10-undecen-1-ol can be derived from castor oil which is biorenewable.310 Thus, 








Olefinic alcohols are proposed to serve as chain transfer agents in olefin/CO 
copolymerizations to modify the microstructure of polyketones and improve their 
processability. A model reaction of 1-hexene, 1-hexanol, and CO is designed for quick 
screening of a variety of diphosphine ligands to examine their efficiency of polyketone 
formation and hydroesterification. At this early stage, some common diphosphines, such 
the ligands 6.2 (DPPP) and 6.3 (DPPB), have shown promising results to have comparable 
rates of those two pathways. The alkene isomerization will be the hurdle since the internal 
alkenes are not active in alkene insertion and this can potentially lower molecular weight 
of polymers. The ligand synthesis is on progress to mitigate the alkene isomerization and 
let us understand the factors to affect polyketone formation and hydroesterifcation. We 
target to build a database which will be analyzed by some computational modules. 
Preliminary tests with olefinic alcohols using the ligands 6.2 and 6.3 have shown strong 
agreement with our model reactions. The polymer characterization will give a clearer 





6.5. Experimental Sections 
6.5.1. General Materials, Considerations and Instrumentation 
All air- and moisture-sensitive compounds were manipulated in a glovebox under 
a nitrogen atmosphere. All solvents for air- and moisture-sensitive reactions were dried in 
a Glass Contour Solvent System. High purity carbon monoxide (99%) was purchased from 
Airgas. 1H, 13C, and 31P spectra of ligands were collected on Bruker Avance III HD 
NanoBay 400 MHz, Bruker Avance III HD 500 MHz, or Varian Inova 500 MHz 
spectrometers. No-D 1H spectra of polymerization reactions were collected in ortho-
dichlorobenzene on Bruker Avance III HD NanoBay 400 MHz spectrometer. 
 
6.5.2. General Polymerization Test 
All polymerization reactions were carried out in a Biotage Endeavor parallel 
pressure reactor with overhead stirring operated in ambient atmosphere. Overall, reactions 
were run in 3 mL of ortho-dicholorobenzene with 1-hexene (0.38 mL, 3 mmol, 1 equiv.), 
1-hexanol (0.38 mL, 3 mmol, 1 equiv.), (MeCN)2Pd(OTs)2 (15.9 mg, 0.03 mmol, 0.01 
equiv.), and diphosphine ligands (0.03 mmol, 0.01 equiv.). The Pd precatalyst and the 
ligand were stirred in 2 mL of ortho-dicholorobenzene in ambient atmosphere for 1 hour 
to ensure the ligand exchange. Then, the reactor was sealed, purged with CO for 3 times. 
1-Hexene and 1-hexanol were added via the injection ports before the reactor was heated 
to (50-100 ℃) and pressurized with CO (100-200 psig). (Another program was applied: 
the reactor was pressurized prior to being heated. The actual effectiveness is under 
investigation.) The reactions were run for 30 minutes (initial rate studies) or 16 hours (full-
time examinations). Afterwards, the reactions were depressurized, cooled and removed 
from the pressure reactor, and No-D 1H NMR spectra were taken.  
 
6.5.3. Synthesis of Diphosphine Ligands 
1,2-Bis(diphenylphosphino)ethane (DPPE, 6.1), 1,3-bis(diphenylphosphino)propane 
(DPPP, 6.2), 1,4-bis(diphenylphosphino)butane (DPPB, 6.3), 1,1’-
bis(diphenylphosphino)ferrocene (DPPF, 6.4), 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 
(BINAP, 6.5), and 1,2-bis(dichlorophosphino)ethane were purchased. meso-2,4-
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Bis(diphenylphosphino)pentane (6.6) was purchased from Sigma-Aldrich  (2,2-
Diethylpropane-1,3-diyl)bis(diphenylphosphane) (6.7)303 and 1,2-bis(dimesitylphosphino)-
ethane (6.8)311 were synthesized by following the reported procedures. 1,2-Bis(bis(2,5-
dimethylphenyl)phosphino)ethane (6.9) was inherited from the Mann group. 1,3-Bis(bis(2-
methoxyphenyl)phosphino)propane (6.10) and 1,3-bis(dichlorophosphino)propane were  
given by our collaborator. Other diphosphine ligands were synthesized via two general 
procedures. 
General procedure from bis(dichlorophosphino)alkane  
 
The aryl bromide (16 mmol) was added to the Mg turning (0.43g, 17.7 mmol), which 
was grinded prior to use, in 20 mL of dry THF dropwise by an additional funnel at ambient 
temperature under nitrogen. After the addition was completed and the reaction was initiated, 
the mixture was stirred for another hour. The resulted solution was slowly cannulated to 
bis(dichlorophosphino)alkane (3.0 mmol) in 10 mL of dry THF at 0 °C. The reaction was 
warmed up to ambient temperature after the full addition and stirred overnight. The reaction 
was quenched by 30 mL of DI water and extracted by 30 mL of DCM 3 times. The combined 
organic was washed by 50 mL of Brine, dried over MgSO4, and concentrated. The obtained 
solid was purified by recrystallization.  
General procedure from diethyl phosphite  
 
The aryl bromide (19.8 mmol, 1.1 equiv.) was added to magnesium turnings (0.44g, 
18 mmol, 1 equiv.), which was grinded prior to use, in 20 mL of dry THF dropwise by an 
additional funnel at ambient temperature under nitrogen. After the addition was completed 
and the reaction was initiated, the mixture was stirred for another hour to make ensure no 
Mg metal leftover. Diethylphosphite (0.70 mL, 5.4 mmol, 0.3 equiv.) was added via a syringe 
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dropwise to the reaction mixture at 0 °C.   The reaction was warmed up to ambient 
temperature after the full addition and stirred overnight. The reaction was quenched by 30 
mL of 2 M HCl and extracted by 30 mL of DCM 3 times. The combined organic was dried 
over MgSO4, and concentrated. Minimal hexanes was added to precipitate out the phosphine 
oxide product as a white solid which was collected via vacuum filtration. 
The synthesis of diphosphine oxide was adapted from the reported literature.312 To 
the phosphine oxide (4.0 mmol, 1 equiv.) in 6 mL of DMSO, KOH (0.28 g, 5 mmol, 1.25 
equiv.) and equal mass of DI water was added. 1,3-Dibromopropane (0.19 mL, 1.96 mmol, 
0.49 equiv.) was added to the solution and the solution was heated to 50 °C at ambient 
atmosphere. The product might precipitate out within an hour. But if no solid came out, the 
solution was tracked by 1H NMR in CDCl3 to see full conversion of dibromopropane. 50 mL 
of DI water was added to precipitate out the product which was collected by vacuum 
filtration. The crude wet solid was redissolved in minimal DCM, dried by MgSO4 and 
concentrated to give the diphosphine oxide as a white solid. The reduction is still under 
exploration for the best route. 
Bis(2-methylphenyl)phosphine oxide 2-Bromotoluene was purchased from 
Oakwood Chemical. White solid, 93% yield. 1H NMR (CDCl3, 400 MHz): δ 8.20 (d, 
1JHP = 
476 Hz, 1H), 7.71 (dd, 3JHH = 7.6, 
3JHP = 15.2 Hz, 2H), 7.45 (t, 
3JHH = 7.5 Hz, 2H), 7.31 (t, 
3JHH = 7.4 Hz, 2H), 7.24-7.21 (m, 2H), 2.36 (s, 6H) ppm. 13C NMR (CDCl3, 100 MHz): δ 
141.19 (d, 3JCP = 9.8 Hz), 132.60 (d, 
4JCP = 2.3 Hz), 132.53 (d, 
2JCP = 11.3 Hz), 131.31 (d, 
3JCP = 10.3 Hz), 129.43 (d, 
1JCP = 99.5 Hz), 126.13 (d, 
2JCP = 12.8 Hz), 20.26 (d, 
3JCP = 7.0 















Figure 6.13. 31P NMR spectrum of bis(2-methylphenyl)phosphine oxide in CDCl3. Taken 
from JC-2019-0005B1. 
 
1,3-Di[bis(di-o-tolylphosphoryl)]propane 1,3-Dibromopropane was purchased 
from Oakwood Chemical. White solid, 84% yield. 1H NMR (CDCl3, 400 MHz): δ 7.68 (dd, 
3JHH = 7.7, 
3JHP = 12.6 Hz, 4H), 7.37 (t, 
3JHH = 7.5 Hz, 4H), 7.24 (t, 
3JHH = 7.3 Hz, 4H), 7.15 
(dd, 3JHH = 7.2, 
4JHP = 4.1 Hz, 4H), 2.63-2.57 (m, 4H), 2.25 (s, 12H), 2.05-1.95 (m, 2H) ppm. 
13C NMR (CDCl3, 100 MHz): δ 141.59 (d, 
3JCP = 8.5 Hz), 132.11 (d, 
4JCP = 10.4 Hz), 131.94 
(d, 2JCP = 10.7 Hz), 131.38 (d, 
1JCP = 95.9 Hz), 125.81 (d, 
2JCP = 11.7 Hz), 29.75 (d, 
1JCP = 
70.7 Hz), 29.65 (d, 1JCP = 70.8 Hz),  21.32 (d, 
3JCP = 4.3 Hz), 15.25 ppm. 31P NMR (CDCl3, 




Figure 6.14. 1H NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in CDCl3. 




Figure 6.15. 13C NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in CDCl3. 




Figure 6.16. 31P NMR spectrum of 1,3-di[bis(di-o-tolylphosphoryl)]propane in CDCl3. 
Taken from JC-2019-0007A1. 
 
6.5.4. No-D 1H NMR Spectra of Ligand Screening 
The No-D 1H NMR spectra were referenced by the most downfield multiplet of 
ortho-dichlorobenzene at 7.4 ppm. The integration of peaks between 2.3 to 2.8 ppm is 
subtracted by the integration of the peak at 4.2 ppm and the difference is divided by 3 to 
be the uncalibrated number of moles of ketones. The integration of the peak at 4.2 ppm is 
divided by 2 to be the uncalibrated number of moles of esters. The integration of the peaks 
between 5.0 to 5.2 ppm is divided by 2 to be the uncalibrated number of moles of terminal 
alkenes. The integration of the peaks between 5.4 to 5.6 ppm is divided by 2 to be the 
uncalibrated number of moles of internal alkenes. The production distribution is calculated 




Figure 6.17. No-D 1H NMR spectrum of the model reaction with ligand 6.1. Taken from 
JC10036A6. 
 





Figure 6.19. No-D 1H NMR spectrum of the model reaction with ligand 6.3. Taken from 
YL-2018-0026. 
 





Figure 6.21. No-D 1H NMR spectrum of the model reaction with ligand 6.5. Taken from 
JC10043A4. 
 





Figure 6.23. No-D 1H NMR spectrum of the model reaction with ligand 6.7. Taken from 
JC10047A2. 
 





Figure 6.25. No-D 1H NMR spectrum of the model reaction with ligand 6.9. Taken from 
SYL-2019-0002A6. 
 





Figure 6.27. No-D 1H NMR spectrum of the initial rate experiment with ligand 6.2 at 50 
°C under 100 psig of CO pressure. Taken from JC-2019-0013A6. 
 
Figure 6.28. No-D 1H NMR spectrum of the initial rate experiment with ligand 6.2 at 75 




Figure 6.29. No-D 1H NMR spectrum of the initial rate experiment with ligand 6.3 at 50 
°C under 100 psig of CO pressure. Taken from JC-2019-0009A5. 
 
Figure 6.30. No-D 1H NMR spectrum of the initial rate experiment with ligand 6.3 at 75 




Figure 6.31. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 °C under 
50 psig of CO pressure. Taken from YL-01-94. 
 
Figure 6.32. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 °C under 




Figure 6.33. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 °C under 
200 psig of CO pressure. Taken from YL-01-100. 
 
Figure 6.34. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 50 °C under 




Figure 6.35. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 °C under 
50 psig of CO pressure. Taken from YL-01-101. 
 
Figure 6.36. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 °C under 




Figure 6.37. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 °C under 
200 psig of CO pressure. Taken from YL-01-103. 
 
Figure 6.38. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 75 °C under 




Figure 6.39. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 °C 
under 50 psig of CO pressure. Taken from YL-01-97. 
 
Figure 6.40. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 °C 




Figure 6.41. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 °C 
under 200 psig of CO pressure. Taken from YL-01-105. 
 
Figure 6.42. No-D 1H NMR spectrum of condition variation with ligand 6.2 at 100 °C 




Figure 6.43. No-D 1H NMR spectrum of terpolymerization of 1-hexene, 10-undecen-1-ol, 
and CO with ligand 6.2 at 50 °C under 100 psig of CO pressure. Taken from YL-2019-
0030. 
 
Figure 6.44. No-D 1H NMR spectrum of terpolymerization of 1-hexene, 10-undecen-1-
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Polyketone-ester Formation via the Combination of Styrene/CO Copolymerization 





In addition to the aliphatic olefin and olefinic alcohol discussed in Chapter 6, the 
aromatic ones have also been tested in this appendix. Due to a different termination 
mechanism, the polyketoester is predicted to be a brush-type of polymer, which has a 
polyketone-based backbone and polyester-based branches. Two strategies have been 
attempted: a one-pot tandem catalysis reaction and a 2-stage polymerization. Based on the 
product isolation and the size-exclusion chromatography, the 2-stage polymerization of 
polyketone and polyester synthesis looks promising. Further analysis is required for 
conclusive evidence showing both polyketone and polyester are in the same polymer chain. 
Optimization is needed as well in order to get high molecular weight polymers. 
 
A.2. Introduction 
Relevant to Chapter 6, this appendix demonstrates another strategy to modify Pd-
catalyzed polyketone syntheses by the combination of olefin/CO copolymerization and 
hydroesterification with the use of conjugated aromatic α-olefins. Not only aliphatic but 
also aromatic α-olefins, such as styrene, can copolymerize with CO.2 The general 
difference between these types of substrates comes from the termination mechanism. For 
aliphatic olefins, the polymerization is usually terminated by alcoholysis discussed in 
Chapter 6. In the case of aromatic olefins, Because of the enhanced conjugation stability 
from the adjacent aryl groups, the β-hydride elimination becomes so favorable that it is the 
major termination step.289, 301 Different ligands, such as bipyridine and phosphine-sulfonate, 
are required to slow down the β-hydride elimination and increase the polymer molecular 
weight.314-325  
In terms of hydroesterification, the study on the head-to-tail copolymerization of 
CO and aromatic olefinic alcohol, para-vinyl benzyl alcohol (p-VBA), to make the 
polyester has been carried out by my colleagues, Tong Wang and Dr. Gereon Yee.326 The 
thorough optimization allows them to achieve a molecular weight close to 10 kg/mol. The 
detailed study on polymer characterization and polymerization behavior have unveiled the 
potential side reactions. This comprehensive study combined with extensive research of 
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styrene/CO copolymerization should lead us to a new method to polyketoesters. In contrast 
to Chapter 6, due to the different termination mechanism, we could imagine the 
terpolymerization of styrene, CO and p-VBA would result in a brush-type polymer with 
the polyketone as the backbone and the polyester as the branches.  
 
A.3. Result and Discussion 
Because the copolymerization of styrene and CO is proposed to be terminated by 
the β-hydride elimination, there must be two catalyst systems involved in order to have 
both polyketone synthesis and hydroesterification. Since both reactions can be catalyzed 
by PdII species, the ideal scenario would be the tandem catalysis with two ligand 
environments in one pot. To achieve this, a reaction condition that is compatible with both 
catalysts is necessary, including the temperature, CO pressure, and solvent. Based on the 
results from the hydroesterificative copolymerization of p-VBA, the reaction runs in an 
aprotic solvent under mild temperature and CO pressure. To meet all these conditions, the 
phosphine-sulfonate ligand is chosen for the side of olefin/CO copolymerization.322  
The proof-of-concept has been done for the p-VBA/CO copolymerization in the 
presence of two catalyst systems to generate an oil polymer (Figure A.1a). The full 
conversion of p-VBA could be achieved within 8 hours. Both the 1H-13C HMBC NMR and 
IR spectra confirmed the formation of both ester and ketone linkages on a comparable ratio 
(Figure A.1b and A.1c). Although the reaction successfully generates both ester and 





Figure A.1. Copolymerization of p-VBA and CO: (a) general reaction scheme, (b) 1H-13C 
HMBC NMR taken from JC10029A2, and (c) ATR-IR spectra. 
 
Therefore, styrene is introduced to have a terpolymerization to mitigate the 
hygroscopicity (Figure A.2). The reaction yielded a sticky solid different from the 
copolymerization of CO and p-VBA. The crude No-D 1H NMR spectrum shows the full 
conversion of the alcohol functionality, but the leftover alkenes indicate a slower reaction 




Figure A.2. Terpolymerization of styrene, p-VBA and CO; (a) general reaction scheme 
and (b) crude No-D 1H NMR spectrum taken from JC-2018-0004A2. 
 
Polymer purification was attempted to confirm both ketone and ester components 
are chemically mixed by precipitation from methanol. Several batches were collected, but 
the 1H NMR integration ratios of ketones to esters vary from batch to batch. There is one 
fraction only having the ester component on the NMR spectrum. Based on the study on 
side reactions of hydroesterificative copolymerization of p-VBA and CO, it is found that 
the low molecular weight of obtained polyesters results from the end group degradation, 
including olefin hydrogenation and alcohol oxidation.326 Similarly, the purely polyester 
fraction can be attributed to the end group degradation which leads to the formation of both 




Figure A.3. Proposed mechanism of terpolymerization of styrene, p-VBA, and CO.  
 
To minimize this polymer defect and simplify the terpolymerization, the tandem 
catalysis is split into two stages; polyketone formation first followed by the 
hydroesterificative polyester synthesis (Figure A.4). The polyketone was synthesized via 
the terpolymerization of styrene, p-VBA, and CO. The polymer was purified by 
precipitating out from hexanes to give a pale yellow solid after being dried in vacuo. There 
are no ester but some alkene peaks observed in the 1H-13C HMBC NMR spectrum, which 
matches the proposed β-hydride elimination termination.  
The second hydroesterificative polymerization was carried out without styrene. The 
NMR spectra show the presence of both ester, which is the dominant species, and ketone 
components (Figure A.4b). The size-exclusion chromatography (SEC) shows a strong 
comparison before and after the second stage polymerization (Figure A.4c). The obtained 
polyketoester molecules came out earlier compared to the polyketone, indicating the 
increased molecular weight after the hydroesterificative polymerization. In spite of the 
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successful enchainment, the polymer does not have a high Mn. The optimization is in 
progress in order to get the high Mn polymer.   
 
Figure A.4. Two-stage copolymerization of vinyl arene and CO; (a) general reaction 
scheme, (b) 1H-13C HMBC NMR spectrum after the 2nd stage taken from JC-2019-
0004A5b and (c) SEC chromatograph of samples before and after the 2nd stage. 
 
A.4. Outlook 
We have explored another approach to polyketoester by two orthogonal Pd-
catalyzed reactions. However, the side reaction in hydroesterificative polymerization of p-
VBA and CO is problematic in terms of getting chemically mixed polyketones and 
polyesters. Further optimization of the 2-stage polymerization is necessary in order to get 
a high molecular weight polymer. Various characterization techniques are required to 
confirm the polymer structure as well. In general, this allows us to get access to a different 




A.5. Experimental  
A.5.1. General Materials, Considerations and Instrumentation 
High purity carbon monoxide (99%) was purchased from Airgas. 1H, 13C, and 31P 
spectra of ligands were collected on Bruker Avance III HD NanoBay 400 MHz, Bruker 
Avance III HD 500 MHz, or Varian Inova 500 MHz spectrometers. No-D 1H spectra of 
polymerization reactions were collected in ortho-dichlorobenzene on Bruker Avance III 
HD NanoBay 400 MHz spectrometer. Palladium acetate and 1,1,2,2-tetrachloroethane 
were purchased from Oakwood Chemical. Bis(dibenzylideneacetone)palladium(0) and 
styrene were purchased from Sigma Aldrich. para-Vinylbenzyl alcohol327, 
(MeCN)2Pd(OTs)2
328, and 2-(diphenylphosphanyl)-4-methylbenzenesulfonic acid329 was 
synthesized by following the reported procedures.   
 
A.5.2. General Polymerization Test 
All polymerization reactions were carried out in a Biotage Endeavor parallel 
pressure reactor with overhead stirring operated in ambient atmosphere. In terms of general 
polymerization setup, Pd precatalysts, ligands and 3 mL of solvent were mixed in the 
reaction. The olefin monomers were added and 2 mL of solvent was used to transfer right 
before sealing the reactor. Then, the reactor was sealed, purged with CO for 3 times. 1-
Hexene and 1-hexanol were added via the injection ports before the reactor was heated to 
(75 ℃) and pressurized with CO (220 psig). The reactions were run for 16 hours. 
Afterwards, the reactions were depressurized, cooled and removed from the pressure 
reactor, and No-D 1H NMR spectra were taken. Polymers were precipitated out by 
dropwise transferring to either 100 mL of hexanes or methanol under vigorous stirring. 
Polymers were dried in vacuo. 
For the reagent stoichiometry, The tandem catalysis reactions were run in 5 mL of 
1,1,2,2-tetrachloroethane with p-VBA (5-x mmol), styrene (x mmol), Pd(dba)2 (28.6 mg, 
0.05 mmol, 0.01 equiv.), 2-(diphenylphosphanyl)-4-methylbenzenesulfonic acid (17.8 mg, 
0.05 mmol, 0.01 equiv.),  (MeCN)2Pd(OTs)2 (26.5 mg, 0.05 mmol, 0.01 equiv.), and 
diphosphine ligands (26.2 mg, 0.1 mmol, 0.02 equiv.).  
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In the case of 2-stage polymerization, the reactions were run in 5 mL of 1,1,2,2-
tetrachloroethane with p-VBA (335 mg, 2.5 mmol, 1 equiv.), styrene (260 mg, 2.5 mmol, 
1 equiv.), Pd(dba)2 (28.6 mg, 0.05 mmol, 0.02 equiv.), 2-(diphenylphosphanyl)-4-
methylbenzenesulfonic acid (17.8 mg, 0.05 mmol, 0.02 equiv.). The polyketone was 
collected by precipitation from hexanes. For the 2nd stage polymerization, the reaction was 
run in 5 mL of of 1,1,2,2-tetrachloroethane with p-VBA (335 mg, 2.5 mmol, 1 equiv.), the 
polyketone (74mg), (MeCN)2Pd(OTs)2 (13.3 mg, 0.025 mmol, 0.01 equiv.), and 
diphosphine ligands (26.2 mg, 0.1 mmol, 0.04 equiv.). The polymer was precipitated out 
from hexanes as well.  
 
A.5.3. 1H NMR Spectra of Polymers 
 
Figure A.5. 1H NMR in CDCl3 of the polymer from copolymerization of p-VBA and CO 




Figure A.6. 1H NMR in CDCl3 of the polymer from terpolymerization of p-VBA, styrene, 
and CO under tandem catalysis. Taken from JC-2018-0004A2b. 
 
Figure A.7. 1H-13C HMBC NMR in CDCl3 of polyester from terpolymerization of p-VBA, 




Figure A.8. 1H NMR in CDCl3 of terpolymerization of p-VBA, styrene, and CO under 
tandem catalysis. Taken from JC-2019-0004A0 (top) and JC-2019-0004A5b (bottom). 
 
